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RADIOISOTOPE HEATER DEVELOPMENT PROGRAM 

PHASE I STUDY FINAL REPORT 
(CONTRACT NO. NAS 9-8846) 

By M. W. Hulin* 

SUMMARY 

I n  September  1968, phase I of a three-phase p r o g r a m  was undertaken by 
the Donald W. Douglas Labora to r i e s  (DWDL), a d i rec tora te  of the McDonnell 
Douglas Astronaut ics  Company-Western Division, to develop a family of small 
radioisotope h e a t e r s  f o r  u s e  in manned spacecraf t  components. The technical 
portion of this p rogram covered a 5-month period. P r i m a r y  objectives were  
to: 
h e a t e r s  in manned spacecraf t  sys t ems ;  ( 2 )  develop a hea ter  design that would 
m e e t  selected safety c r i t e r i a  and have a high probabili ty of being safety- and 
flight-qualified; ( 3 )  develop a n  optimum group of hea te r s  to meet the requi re -  
men t s  of a maximum number of applications and miss ion  t imes  of f r o m  14 days 
to 5 y e a r s ;  (4) genera te  p rogram plans and budget e s t ima tes  f o r  phases  I1 and 
I11 of the program.  

(1)  Identify potential applications fo r  small (1 - to 50-W) radioisotope 

The study was initiated by conducting a survey  of t he rma l  requi rements  of 
c u r r e n t  and planned manned-spacecraf t  components. 
applications requir ing between 180 and 300 t h e r m a l  sou rces  ranging in s i ze  
f r o m  less than 1 to over  100 W. 
in a re ference  hea ter  design that will m e e t  the selected safety c r i t e r i a  and 
have a high probabili ty of surviving all miss ion  phases ,  operational environ- 
ments ,  and credible  accidents.  Optimization ana lys i s  showed that two heater  
s i zes ,  10-  and 50-W, and two isotopic fuels ,  promethia  and plutonia, would 
mee t  the major i ty  of identified applications and mis s ion  requirements .  Also,  
ana lyses  showed that i t  i s  m o r e  economical to develop uni form-s ize  hea te r s  
fo r  prometh ia  and plutonia hea te r s  of the same power level. Although some  
weight penalty i s  i ncu r red  in this  approach, considerable  cos t  savings a r e  
rea l ized  by significantly reducing the number of development and qualification 
t e s t s .  Based on r e su l t s  of the study, p rogram plans to develop, tes t ,  fabr i -  
cate ,  and qualify radioisotope hea te r s  were  prepared.  Thus, all p r i m a r y  ob- 
jec t ives  were  achieved in this  study. 

This  survey  identified 

Detailed safety and design ana lyses  resu l ted  

* P r o g r a m  Manager ,  P r o j e c t s  and Sys tems,  Donald W. Douglas Labora tor ies ,  
R i c hl and, W a s  hin g to n. 



It is ent i re ly  feasible  to develop a group of small radioisotope hea te r s  
fo r  a l a rge  number of manned spacecraf t  applications. 
velopment p r o g r a m  will great ly  reduce the t ime between identification of r e -  
quirements  and ul t imate  miss ion  qualification. Also, development of flight- 
qualified hea te r s  will allow sys t ems  engineers  a wider choice of methods of 
supplying heat  to space components. 

Completion of a de-  

Because of the favorable r e su l t s  of this study, DWDL recommends that 
phases  I1 and I11 of the Radioisotope Heater  Development P r o g r a m  b e  initiated 
and funded at the level  required to produce flight-qualified hea ters .  

INTRODUCTION 

This  f i n a l  report ,  cataloged as MDAC Repor t  No, DAC-63364, is sub- 
mit ted to the NASA Manned Spacecraf t  Center  under Contract  NAS 9-8846. 
The r epor t  desc r ibes  technical effort  f r o m  September 19, 1968 through 
Februa ry  18, 1969. 
t r a c t  negotiations. 
technical direct ion by AEC of tasks  4 through 8 of the phase I study, and 
phases  I1 and 111. 
fo r  the ALSEP se i smic  experimental  package was identified. 
given responsibil i ty for  developing the heater.  

Two important  events occur red  subsequent to f i n a l  con- 
An agreement  was signed by NASA and AEC providing for  

Also a NASA/MSC requirement  f o r  a radioisotope hea ter  
AEC/DID was 

Although these events did not mater ia l ly  affect  the phase I study, they 
will have a definite impact  on the direct ion and scope of phases  I1 and 111. 

Background 

The low-temperature  environment in which spacecraf t  operate  c r e a t e s  
many heat  requi rements  to keep components operational. In addition, l ife 
support  sys t em chemical  p rocesses  need heat for  c losed-system operation. 
These  requi rements  a r e  cur ren t ly  m e t  by e l ec t r i c  hea te r s  powered by so lar  
o r  fuel ce l l s ;  however, a potentially s impler  and m o r e  rel iable  way to supply 
heat  i s  by decay of a radioisotope. Radioisotopes have been used in space-  
c r a f t  at high power levels  to supply e l ec t r i c  power, and at very low power 
levels  for  ins t rument  dial  illumination, but each power source  has  required 
an extensive safety qualification program.  

Despite the a t t rac t iveness  of small radioisotope the rma l  sources ,  their  
u s e  has  been avoided because of a lack of p r e c i s e  guidelines, and the expect- 
ation that  an expensive and t ime-consuming safety t e s t  p rog ram would be r e -  
quired fo r  each  application. As the number,  complexity, and duration of 
mis s ions  inc rease ,  the advantages of radioisotope sources  become signifi- 
cant  and point to the need for  development of these sou rces  as flight-qualified 
hardware.  
of radioisotope heat  sou rces  that would minimize development cos t s  and 
shorten the t ime needed to achieve the benefits  of these devices. 

This  study investigated a p r o g r a m  to develop a standardized group 

2 



As is c u r r e n t  prac t ice ,  t he rma l  control  problems m a y  be solved by u s e  of 
e l ec t r i c  hea te rs ,  But t h e r e  a r e  penalties:  increased  pr imary-power requi re -  
ments  and thus sys t em weight; redundant hea te r  design (unless  the heater  is 
sufficiently reliable,  because hea ter  fa i lure  would cause  total mission fai lure) ;  
and modification of the power control  e lectronics  to accommodate the heater .  
Use of radioisotope-decay heat  reduces  o r  e l iminates  these penalit ies,  but 
the offsetting considerat ions a r e  increased  qualification-test  cos t s  and demon- 
s t ra t ion of the hea te r s '  capabili t ies to  m e e t  safety requirements .  

P r o g r a m  Objectives 

This  r e p o r t  p re sen t s  the r e su l t s  of phase I of a three-phase p rogram to 
develop a group of small radioisotope hea te r s  f o r  manned-spacecraf t  com- 
ponent applications. 
optimum group of small (1 - to 50-W) hea te r s  that will m e e t  miss ion  requi re -  
ments  of 14 days to 5 yea r s ,  with a high probability of surviving all miss ion  
phases  and environments. F igu re  1 shows a typical re ference  design developed 
during this study. 

The r e su l t s  es tabl ish the feasibil i ty of developing a n  

Mater ia l s  specified in figure 1 a r e  the b e s t  available f rom the standpoint 
of compatibility, availability, and capability to m e e t  all mission and environ- 
menta l  requirements .  Selection was based on da ta  available in the l i t e r a tu re ,  
personal  discussions with cognizant personnel,  and detailed analyses.  

Ta 

Ta FOAM 

CONTAl NE R 

69-284 

Figure 1. Typical Reference Heater Design 
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The phase I study p rogram had four p r i m a r y  objectives: 

1. To identify potential applications f o r  small (1 - to 50-W) radioisotope 
hea te r s  in  manned spacecraf t  sys tems.  

2. To develop a hea ter  design that would mee t  the selected safety c r i -  
t e r i a  and have a high probabili ty of being safety- and flight-qualified. 

3 .  To develop an optimmm group of hea te r s  to m e e t  the requi rements  
of a maximum number of applications, and miss ion  t imes  of f rom 14 days to 
5 years .  

4. To develop p rogram plans and budget e s t ima tes  fo r  phases  I1 and 111. 

The r e su l t s  of the application survey,  analyses ,  and design effor ts  p re -  
sented in this  r e p o r t  show that  all of these objectives were  met ,  

Safety and Design Cr i t e r i a  

F r o m  the outset, i t  was understood that  acceptance and use  of radio- 
isotope hea te r s  would depend on super ior  safety performance cha rac t e r i s t i c s  
as well as sound engineering justifications. The hea te r s  mus t  be designed to 
present  insignificant hazard  result ing f rom anticipated miss ion  o r  credible  a -  
bo r t  environments.  
should be no danger o r  special  requi rements  imposed on as t ronauts  performing 
the i r  normal  duties aboard the spacecraf t ;  t he re  should be only an insignificant 
possibil i ty of injurious radiation dose a s  a r e su l t  of credible  accidents o r  
i nco r rec t  handling. 

This  philosophy led to the following guidelines: t he re  

Using these guidelines, the following safety c r i t e r i a  were  generated: 

1. Design fo r  industr ia l  handling. 

2. Survival in f i rebal l ,  ove rp res su re ,  and debris .  

3. I n t a c t  r een t ry  f r o m  lunar  re turn ,  ea r th  orbi t ,  and suborbi ta l  abort .  

4. Ocean r e l ease  with l e s s  than 10 maximum permiss ib le  concen- - 2  

t ra t ion (MPC) at the surface.  

5. Intact  impact  at t e rmina l  velocity. 

6. Res is tance  to cor ros ion  fo r  10 half-lives. 

7. Integral  shielding to provide protection for  as t ronauts ,  ground 
handling c rews ,  and inexperienced personnel.  

Stable industr ia l  handling cha rac t e r i s t i c s  a r e  ensured  by designing to 
ORNL Clas s  C I11 s t ruc tu ra l  and the rma l  s t r e s s  conditions. 
ensured  by providing protection against  r een t ry  deb r i s  and ablation. 

Intact  reent ry  is 
Static 
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p r e s s u r e  res i s tance  will maintain capsule  integrity to depths where isotope 
concentration at the ocean sur face  will be M P C .  Hea te r s  will be de-  
signed and tes ted for  high a s su rance  of survival  a f te r  impact  on granite. Since 
the radiation that  as t ronauts  may be  exposed to m u s t  be l imited to International 
Committee on Radiation Protect ion maximum occupational exposure (ICRP- 
MOE) levels ,  the in t eg ra l  shield is designed to limit the dose r a t e  to 5 m r / h o u r  
at 1 meter .  
p rocedures  and equipment, and the in tegra l  shield will provide significant p ro -  
tection f r o m  in jury  in  the event of i n c o r r e c t  handling. 

This will a l so  p e r m i t  ground handling with a minimum of special  

Using the safety c r i t e r i a  as well as environmental  and thermal  requi re -  
men t s  as guidelines, the following hea ter  design c r i t e r i a  were  established: 

- Therma l  output-5 to 50 W a f t e r  6 months fo r  promethia-fueled 
hea te r s  and 2 y e a r s  for  plutonia-fueled hea ters .  

- Mission t i m e s  - 14 days to 5 years .  

- Orbi ta l  l ife - 20 years .  

- Maximum continuous operat ing t empera tu re  - <500 O F .  

- Intact  r een t ry  f rom lunar  re turn,  ea r th  orbi t ,  and suborbital  abort .  

- Launch pad abor t  survival  f r o m  Titan IIIM, Saturn l B ,  and Saturn 
V launch vehicle. 

- Ten half-life cor ros ion  l ifetimes.  

- Helium containment for  10 half -lives. 

- Radiological dose r a t e s  of less than 5 m r / h o u r  at 1 meter .  

- Launch vibration load survival  up to 44. 9 g sinusoidal and 23. 7 g 
random. 

These c r i t e r i a  r ep resen t  a t ranslat ion of the safety c r i t e r i a  into work- 
able quantities. 

P r o g r a m  Approach 

To accomplish the objectives of the phase I study, the p rogram was 
divided into 10 tasks:  

1. Application studies - Review, investigate, and document potential 
t he rma l  hea ter  applications assoc ia ted  with c rew sys t em equipment. 

2. Safety ana lys i s  - Establ ish safety c r i t e r i a  and constraints  using 
NASA/MSC and AEC inputs,  and pe r fo rm detailed safety analysis.  
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3. 

3 a. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 

Design and ana lys i s  - Charac ter ize  hea ter  configurations, t empera-  
t u re s ,  heat  t r ans fe r  modes,  and power levels ;  and identify optimum 
s i z e s  and power levels  to span the 1- to 50-W range. 

Specific application - Apply radioisotope hea ter  de sign technology to 
a specific t he rma l  control problem as specified by NASA/MSC. 

Reference designs - Produce  re ference  hea ter  designs fo r  the AEC 
and NASA/MSC review and selection p r i o r  to development. 

Radioisotope fuels  and encapsulating m a t e r i a l s  - Select  heater  fuels 
and ma te r i a l s  that  a r e  compatible, mee t  all operational and environ- 
menta l  conditions, and a r e  state-of-the a r t  or  near  t e r m  state-of-the 
art. 

Manufacturing p rocesses  and inspection techniques - Define fabr ica-  
tion and inspection techniques requi red  to manufacture the heaters .  

Coordination with the AEC - Confirm safety and design c r i t e r i a  and 
de sign approaches with AEC. 

P r o g r a m  plans and budget e s t ima tes  for  phases  I1 and I11 - P r e p a r e  
p rogram plans and budgetary cost  es t imates  f o r  phases  I1 and 111, 
and p resen t  p rogram options for  production of flight-qualified hard-  
ware .  

P r e l i m i n a r y  safety analysis  r epor t  description - P r e p a r e  a p re l im-  
inary  descr ipt ion of a typical safety ana lys i s  report .  

P r o g r a m  management  and r epor t s  - P r e p a r e  monthly r epor t s  and 
presentat ion ma te r i a l  on tasks  1 through 9; p repa re  a summary  and 
a f i n a l  r e p o r t  on the phase I study; and provide direction requi red  
to achieve p rogram objectives. 

The interrelat ionship of these tasks  is shown in f igure 2. Tasks  1, 2, and 
5 were  inputs t o t a s k  3. 
s igns ( task 4) f r o m  which detailed designs and specifications can be made. Data 
and r e su l t s  f r o m  tasks  1 through 5 a r e  inputs to task  6. These  l a t e r  tasks  have 
an important  bearing on phases  I1 and I11 because they descr ibe  in detai l  the 
plan fo r  developing and qualifying the heaters .  

Task  3 r e su l t s  were  used to es tabl ish re ference  de-  

Task  7 provided for  review and comment  by AEC on the safety and design 
c r i t e r i a ,  re fe rence  designs,  ma te r i a l s  selection, manufacturing p rogram logic, 
and p rogram plans and budgetary cos t  es t imates  for  phases  I1 and 111. 

P r o g r a m  Resul t s  

The r e su l t s  of this p rogram shows that  two hea ter  s izes ,  10 and 50 W, 
and two fuels,  promethia  c e r m e t  and plutonia b a r e  mic rosphe res  o r  ce rme t ,  
w i l lmee t  the major i ty  of identified applications having power levels  of f r o m  5 
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Figure 2. Phase I Program Tasks 

to 50 W and mission t imes  of 14 days to 5 yea r s .  
this  study have a high probability of survival  under  all miss ion  phases ,  oper -  
ating conditions, and environments.  

The designs evolved f rom 

Mater ia l s  and fabrication techniques selected a r e  state-of-the a r t  o r  near  
state-of-the art. 
a l l  probable conditions and situations,  but a r e  not overly conservative.  As p a r t  
of an  independent r e s e a r c h  and development p rogram at DWDL, l imited impact  
tes t ing was per formed on simulated re ference  hea ter  designs. 
t es t s ,  while not conclusive, confirm the validity of the design approach. Since 
this was a study program,  extensive t e s t s  of ma te r i a l s  and hardware will  be 
requi red  during phase I1 to completely validate the designs and to qualify the 
hea te r s  as flight hardware.  These  t e s t s  a r e  discussed l a t e r  in this report .  

The hea te r s  a r e  designed to maintain a m a r g i n  of safety under 

These init ial  
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SYMBOLS 

A - 
- 

C 
A 

AE 

AF 

Ai 

- 

- 

- 

- 
S 

A 

C. - 

D - 

F - 

- 
W 

f 

- 
e I 

4 - 

k - 
- 

S 
K 

Diffusion velocity ( m / s e c ) .  

Cross-sec t iona l  a r e a  of hea te r  exposed to  debris  f ragments  (ft 2 ). 

2 End-on a r e a  of heater  ( f t  ). 

L End-on a r e a  of debris  f ragment  ( f t  ). 

Inf lu en c e c o eff i c  ient . 
Side-on a r e a  of heater  (ftL). 

Capacitance of a given node ( a  s m a l l  volume of the hea ter ) .  

Drag coefficient.. 

Peak  concentration of radioisotope (C. /m 2 ). 
1 

Curie .  

Radiation dose o r  depth (m). 

Radioisotope concentration fac tor .  

Frac t ion  of the body burden in the organ. 

Frac t ion  of I deposited in the organ of in te res t .  

Air  enthalpy at the stagnation tempera ture .  

A i r  enthalpy a t  540"R. 

0 

Amount of radioactive c a r r i e r  m a t e r i a l  in the body a t  any 
given t ime.  

Radioactive c a r r i e r  concentration in the ocean. 

Quantity of radioactive c a r r i e r  m a t e r i a l  taken into the body 
each day. 

Total  number of fa i lure  modes.  

Soil t h e r m a l  conductivity (Btu /hr - f t -  OF). 
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K E  - 
L - 

MPC - a 

MPCs - 

MPCw - 

n 

Nd 

N 
P 

S 
N 

P 

pi 

Ptot 

Q 

q 

q'  

QA 

qcw 

*E 

QF 

R 

TB 

e T 

TID 

Kenetic energy (f t- lb / s ec) .  

Capsule length ( f t ) .  

Maximum permiss ib le  concentration in air. 

Maximum permiss ib le  concentration in  s e a  water .  

Maximum permiss ib le  concentration in drinking water .  

Capsule length-to-diameter ratio.  

Frac t ion  of permiss ib le  dose attr ibuted to sea  water  
contamination. 

Correct ion factor  to account for  sou rces  of protein in the diet  
other than the sea.  

Frac t ion  of the total  ocean contamination attr ibuted to a 
par t icular  source.  

Probabili ty of nonfailure. 

Nonfailure probability fo r  a par t icular  fa i lure  mode i (11 i r k ) .  

Probabi l i ty  of overa l l  nonfailure. 

Capsule power (B tu /h r )  o r  r a t e  of r e l ease  of radioactivity 
(C i / sec ) .  

Quantity of a i rborne  radioactive m a t e r i a l  inhaled per unit t ime.  

Maximum permiss ib le  organ burden. 

Point of f a i lu re  based on analytical  model  of capsule behavior 
and environment. 

Cold wal l  heat  r a t e  (B tu /h r ) .  

Difference between QF and QA (mus t  b e >  0 in o rde r  that fa i lure  
not o c cur  ) 

Calculated point of fa i lure  fo r  a given heater  design. 

Radioactivity (Ci)  per  g r a m  of c a r r i e r  o r  distance f r o m  re l ease  
point, (me te r s ) .  

Biological half- life. 

Ef f  e c t ive ha If - life. 

Total  integrated dose (Ci/m3). 
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U - 

- 
e V 

V - 
P 

- 
W 

V 

X - 

Y - 

'i 
- 

Z 

'e 
- 

V - 

- 
i 

Y 

5 

- 5 

5 - 
Z 

Capsule sur face  t empera tu re  ( OF). 

Windspeed ( m / s e c ) .  

Velocity of entering body when cross ing  400 000-ft taegent line. 

Volume of protein consumed. 

Volume of water  consumed. 

Concentration of a i rborne  radioactivity in the downwind o r  x 
direction (Ci /m3) .  

Concentration of a i rbo rne  radioactivity in the crosswind o r  y 
direction ( Ci /m3) .  

Admittance of the heat-flow paths by which a given node is 
connected to other nodes in the network. 

Concentration of a i rborne  activity in  the ve r t i ca l  o r  z direction. 
(c i /m3 1. 

Angle between capsule  t r a j ec to ry  and tangent to the ea r th  at 
400 000-ft altitude. 

Biological elimination (decay) constant. 

Effective decay constant (1, t A,). 

Radiological decay constant. 

Frequency of nonfailure. 

S t r e s s  a t  a par t icular  t ime / t e m p e r a t u r e / p r e s s u r e  condition. 

Overa l l  s tandard deviation f o r  QE. 

F' Overa l l  standard deviation for  Q 

Pr inc ipa l  s t r e s s e s ,  or s tandard deviation about point i. 

Yield s t r e s s  in s imple tension o r  s tandard deviation 
in crosswind. 

Standard deviation in ve r t i ca l  direction. 
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THE USE O F  THERMAL HEATERS IN MANNED 
SPACECRAFT APPLICATIONS 

Approach 

A survey  of c u r r e n t  o r  planned u s e s  of radioisotope heat  sou rces  for  
thermal  control of manned spacecraf t  components ( task 1) was initiated by 
wri t ten reques ts  fo r  information f r o m  p rogram d i r ec to r s  involved in manned 
spacecraf t  p rograms.  This was followed by d i r e c t  discussions with cognizant 
p rogram personnel. Finally,  identified applications were  evaluated and di-  
vided into four groups according to operation, availability of data, complexity, 
and hea ter  size. 

The survey. - A le t t e r  descr ibing the objectives of the Radioisotope Heater  
Development P r o g r a m  and the purpose of the survey was sent  to manned 
spacecraf t  and launch vehicle p rogram d i r ec to r s  within the McDonnell Douglas 
Astronaut ics  Company (MDAC). P r o g r a m  manage r s  at the NASA Manned 
Spacecraf t  Center were  contacted through the p rogram technical monitors.  
MDAC p r o g r a m  offices to whom l e t t e r s  were  sen t  were  (1) Space Labora-  
to r ies ,  ( 2 )  SaturnlWorkshop, (3) Launch Vehicles, (4) Manned Orbital  Labor-  
a tory,  (5)  Advanced Manned Orbital  Laboratory,  (6) Gemini, and (7)  Big "G" 
(Gemini). 

The l e t t e r s  were  followed by d i r ec t  discussions with approximately 36 
cognizant p rogram personnel.  Questionnaires had been prepared  in advance 
covering such i t ems  as  (1)  descr ipt ion of application, (2) operating t empera -  
t u r e  range, (3)  t he rma l  power profile,  (4) number of hea t e r s  required pe r  
application, (5 )  environmental  and/or  application requi rements  o r  constraints ,  
and (6) drawings and descr ipt ive mater ia l .  

Evaluation.- Evaluation of da ta  and information obtained f r o m  the survey 
was conducted by dividing the identified applications into four groups. 
lists applications where  constant heat i s  required.  Group B lists applications 
where some type of t he rma l  control i s  necessary ,  such as an on-off switch o r  
t h e r m o s t a t j t h e  l a r g e s t  number of applications fall within this  group). 
a r e a s  where applications have been identified, but detai ls  concerning power 
profile and t empera tu re  requi rements  a r e  not available, a r e  l is ted under group 
C. 
cause of s ize  o r  complexity a r e  l is ted i n  group D. 

Group A 

Those 

Finally, applications where isotopes would probably not be  considered be-  

This information i s  summar ized  in  table 1. Using the data f r o m  groups 
A and By the numbers  of hea te r s  requi red  w e r e  grouped by power level. 
r e su l t  is shown in table 2. Data shown i n  tables 1 and 2 indicate that t he re  a r e  
re la t ively few applications below 5 and above 50 W, 

The 
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TABLE 2 

HEATER THERMAL REQUIREMENTS SUMMARY 

(Groups A and B) 

The rma l  requi rement  Approximate 
(W) number required 

< 5  
5 - 10 

10  - 20 
2 0  - 30 
30 - 40 
40 - 50 

> 5 0  

20 
50 
50 
15 
50 
25  
30 

To tal 240 
- 

Conclusions 

The survey shows that some type of thermal  control i s  required for  a l a r g e  
Over 37 applications w e r e  identified number of space components and systems.  

requir ing approximately 180 to 300 hea te r s  ranging i n  s ize  f r o m  l e s s  than 1 to 
over  100 W. It i s  obvious that radioisotope hea ters  will not be considered fo r  
all of these applications, e i ther  because they offer no advantages over  e lec t r ic  
hea te r s  o r  because of complexity and/or  size. 
tion will be  where  radioisotope hea te r s  are  c lear ly  superior ,  o r  where an ex- 
per iment  o r  miss ion  could not be per formed (o r  would be great ly  c u r t  ailed) 
i f  they w e r e  not available. However, radioisotope hea te r s  would have been 
considered for  applications such as vehicle view por t s ,  heat  f o r  base  the rma l  
requi rements ,  s t ruc tura l  cold spots, and standby fuel cell heat had they been 
available. 

Realist ically,  the f irst  applica- 

SAFETY AND DESIGN ANALYSIS 

The objectives of the safety and design analyses  (tasks 2 and 3 )  were  to 
produce re ference  designs and associated safety criteria for  a group of radio- 
isotope hea ters  suitable for  a broad range of manned spacecraf t  t he rma l  control 
applications. The approach was  to de te rmine  suitable safety c r i t e r i a ,  combine 
these with miss ion  integration requi rements  (minimum weight and s ize) ,  and 
establ ish design cr i ter ia .  
capsule configuration. 

Design analysis  was then performed to optimize the 

Safety Approach 

Acceptance and use  of the radioisotope hea te r s  depend on their  superior  
safety and performance cha rac t e r i s t i c s  as well  as sound engineering justifica- 
tions, reduced weight, and high reliability. They m u s t  be designed to present  
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insignificant hazards  i n  anticipated miss ion  o r  credible  abor t  environments. 
Safety c r i t e r i a  w e r e  based on: 

1. Mission integration - No danger  o r  special  requirements  for  a s t r o -  
nauts such  as modification of duty cycles  to reduce radiation dose, 

2. Publ ic  safety - Insignificant possibil i ty of injurious radiation dose as 
a r e su l t  of credible  accidents o r  improper  handling. 

The safety approach consis ts  of: 

1. Definition of accident environments based  on applications, miss ions ,  
and probability analysis.  

2. Establ ishment  of safety c r i t e r i a ,  and joint review with AEC. 

3 .  Selection and evaluation of designs and ma te r i a l s  that m e e t  the c r i t e r i a .  

4. Analysis of fa i lure  modes,  effects, and possible hazards.  

5. Application of probabilist ic methods to design for  probable and /o r  
s eve re  conditions, and es t imate  rea l i s t ic  r i sks  and hazards.  

Safety Cr i te r ia . -  Safety c r i t e r i a  developed to ensure  compliance with the 
safety philosophy are defined below. 

Design for  industr ia l  handling - ORNL-CIII minimum standards (ref. 4): 

In view of the excellent record  established by in- 
The hea ters  m u s t  withstand industr ia l  hazards  associated with transportation, 
handling, and installation. 
dus t ry  in the use  of mult icur ie  radioisotope sources ,  it i s  logical to u s e  estab-  
l ished s tandards for  their  design to ensu re  suitable performance for  the heaters .  
ORNL has  established a source  classification sys t em and has  determined that 
m o s t  industr ia l  capsules  fall in the classification range of BII to CIII. Heater  
design, analysis ,  and qualification tests will a s s u r e  a minimum of CIII levels.  

Launch abor t  environment survival: The heater  together with the hea ter  
mounting assembly  m u s t  be designed to survive the ove rp res su re ,  b l a s t  debris ,  
thermal  and chemical  environments of the launch vehicles during manned 
missions.  
abor t  model  of Kitt and Bader. (ref. 5 ). The b la s t  deb r i s  and ove rp res su re  
models  will be  those given f o r  SNAP 27 (ref.  
launch vehicle variation. 
published T R W  data  (ref. 

The rma l  environment will be as descr ibed by the liquid fuel and 

6 ) appropriately scaled for  
The chemical environment model  will be based on 
7 ). 

Reent ry  deb r i s  protection and intact  reent ry  f r o m  lunar  re turn  ( Y E  = 
6. 25", go",  Ve = 36 300 f t / sec) ,  e a r t h  orbi t  (YE = 0", 3 0 " ,  Ve = 25  600 
ft /sec),  and suborbital  abo r t  (YE = lo", Ve = 22 000 f t /sec) :  An ablation 
protection sys t em will be designed which ensu res  (with a safety factor)  intact  
reent ry  for  the above t r a j ec to r i e s  and all capsule reent ry  orientations. 
s is tance to reent ry  deb r i s  collision will be provided by the heater  mounting 
assembly.  
r a d a r  launch vehicle tracking data. 

Re-  

The debr i s  model  will be formulated using available Air  F o r c e  
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Formulat ion of the deb r i s  model  and design analysis  of the mounting 
s t ruc ture  a r e  phase I1 efforts. 
the worst. 
m o s t  s e v e r e  conditions. 
capsule t ra jec tory  and a tangent to the e a r t h  at 400 000 f t  altitude. Entry 
velocity i s  the capsule velocity when cross ing  the 400 000-ft tangent line. 

The t r a j ec to r i e s  specified a r e  not necessar i ly  
P h a s e  I1 will consider  the en t i re  Ve, YE envelope and de termine  the 

Entry angle YE i s  defined as the angle between the 

R e s i s t  water  immers ion  s ta t ic  ove rp res su re  to a depth siifficient to 
l imi t  ocean surface contamination below 1 0 - 2  maximum pe rmis sab le  concen- 
tration (MPC): The depths at which significant quantities of I47Pm and z38Pu 
will  yield 10-2 MPC at the ocean sur face  will be based on point instantaneous 
release.  MPC fo r  s e a  water  will b e  evaluated for  each  radioisotope based on 
the assumptions that  (1)  the total  protein diet  of those exposed cons is t s  of sea-  
food which has fully concentrated the radionuclide, and ( 2 )  maximum allowable 
exposures  a r e  based on ICRP-MPBB values. 

Intact  t e rmina l  velocity impact  on granite:  The capsule will remain  intact  
at te rmina l  velocity impact  on granite.  
Testing i s  required a t  maximum impact  te rmina l  velocit ies and impact  t emper -  
a tu re s  predicted by ae ro the rma l  analysis .  

Verification will be by impact  test .  

This  will be done i n  phase 11. 

Ten half-life res i s tance  to  cor ros ion  in air, soil,  and sea  water:  A design 
goal fo r  the hea te r s  wil l  be  10 half-life cor ros ion  containment in bur ia l  and im- 
mers ion  environments.  
Highest reported cor ros ion  r a t e s  (including galvanic couple data;  no c red i t  f o r  
helium retention in plutonia fuel; and no cred i t  for  m a t e r i a l s  other than the 
s t ruc tu ra l  she l l  and oxidation b a r r i e r .  
r a t e s  of cor ros ion  and cor ros ion- res i s tan t  ma te r i a l s  and configurations. 

This analysis  wil l  be based on the following assumptions: 

Testing wil l  be directed at identifying 

Ten half-life radioactive m a t e r i a l s  containment under ambient bur ia l  
conditions: Long t e r m  containment of 23gPu fuel will be  based on time-depend- 
ent s t r e s s - s t r a i n  analysis  of the s t ruc tu ra l  vessel .  
the following assumptions: S t r e s s  level safety factor  = 2;  no c red i t  for helium 
retention in plutonia fuel; L a r  son-Miller s t r e s s  - ruptur e - t empera ture  - t ime 
relationship; no c red i t  for  ma te r i a l s  other  than s t ruc tu ra l  shell; and bur ia l  1 
yea r  af ter  encapsulation. 

The analysis  will include 

Twenty-year reentry: The s t ruc tu ra l  vesse l  will be designed for  the tem-  

20-year helium accumulation; no c red i t  for  
pera ture- in te rna l  p r e s s u r e  spike associated with 238Pu fuel. 
include the following assumptions: 
helium retention in plutonia fuel; and c red i t  only fo r  the s t ruc tura l  vessel .  

The analysis  will 

In tegra l  shielding: Provis ion  wi l l  be  made for  the following safeguards: 
Astronaut dose l imited to ICRP-MOE levels ;  ground handling consis tent  with 
occupational exposure prac t ices ;  and minimum possibil i ty of s eve re  radiation 
doses  as a r e su l t  of i nco r rec t  handling. 
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Mission profile and fa i lure  modes.  - A miss ion  profile cha r t  is presented 
in f igure  3 .  F r o m  th is  cha r t  and pre lkninary  safety analyses ,  the following 
c r i t i ca l  events are identified: 

1. Crifrical fa i lure  modes 

- Uncontrolled r een t ry  environment. 
- Land impact  on unyielding surface.  
-. Launch pad explosion and fire. 

2. Secondary fa i lure  modes 

- Functional fa i lure  during miss ion  phase. - W a t e r  impact.  
- Ground burial .  
- Accidents during prelaunch phase. 

Resul t s  of the ana lyses  directed at each of the above fa i lure  modes are  
presented  in  th i s  r e p o r t  under  Accident and Fa i lu re  Analysis,  and Radiological 
Consequences and Hazards.  

Design Approach and Tradeoff Study 

Since the potential requi rement  for  radioisotope bea te r s  was established, 
the  remainder  of the study concentrated on meeting the remaining two tech- 
nical  objectives. Resul t s  are discussed  i n  the following paragraphs .  

Design criteria, - The design philosophy governing the ana lys i s  which led 
to proposed hea ter  configurations was to provide for  containment of  fuel 
under all normal  and abor t  conditions while fulfilling the requi rements  for  a 
re l iab le  heat  sou rce  of minimum weight, volume, and cos t  for  a maximum 
number of missions. 

The specific design c r i t e r i a  summar ized  i n  table 3 a r e  a t ranslat ion of the 
safety c r i t e r i a ,  mi s s ion  power requirements ,  and cost-weight minimization 
into workable quantities. 
the list of power requi rements  determined by means  of the applications s u r -  
vey, and with miss ion  l ife requi rements  o f  14 days to  5 years .  

Heater  power leve ls  selected are consistent with 

A maximum orb i ta l  life of 20 y e a r s  was  used in connection with the safety 

The hea te r s  w e r e  then designed to ensu re  con- 
constraints ,  Normal  hea ter  operating tempera tures  were  determined to  be 
considerably less than 500°F. 
tainment o f  fuel under  conditions set for th  in  table 3 ,  and to provide a high 
probabili ty of fuel  containment in the event of te rmina l  velocity impact  o r  
launch pad abort. 

Selected hea te r  mater ia l s .  - The radioisotope fuel f o r m s  and the m a t e r i -  
als used in  the hea ter  designs were  selected to  provide maximum safety con- 
s is tent  with minimum cost and weight. Detailed discussions of candidate fuel  
forms and hea te r  m a t e r i a l s  a r e  presented in the hea ter  ma te r i a l s  selection of 
this repor t ,  together with the rat ionale  used in  the final selection. 
selected fuel forms and materials are listed below. 

The 
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TABLE 3 

DESIGN CRITERIA 

T h e r m a l  output: 

147Pm 0 

(6-month shelf l ife) 

2 3 8 P u 0  

shelf l i fe)  

at encapsulation: 5. 7, 11. 4,  28. 5, and 57. 0 W a t  BOL:; 2 3  

a t  encapsulation: 5. 1,  10. 1,  25. 3, and 50. 5 W at BOL;: ( 2 - y e a r  2 

Mission t ime: 14 days  to 5 y e a r s  

Orbi ta l  life: 20 y e a r s  

Normal  hea ter  operat ing t e m p e r a t u r e s :  <500"F  

Ambient  t e m p e r a t u r e  range ( lunar  surface) :  - 3 0 0 ° F  to f 2 5 0 " F  

Intact r e e n t r y  

Lunar  re turn :  YE = 6. 25";Ve = 90"  

E a r t h  orbit :  YE = 0";  Ve = 3 0 "  

Suborbital  a b o r t  

Launch pad a b o r t  containment f o r  Titan IIIM, Saturn l B ,  and Saturn V vehicle: 

Design f o r  s ta t ic  o v e r p r e s s u r e  to a depth sufficient to limit ocean sur face  con- 
tamination below M P C .  

Corros ion  l i fe t ime ( s o i l  and sea w a t e r )  

147Pm203:  26 y e a r s  

238Pu02: 870 y e a r s  

Hel ium containment l i fe t ime (bur ia l  conditions): 870 y e a r s  

Radiological dose  rate:<5 m r / h r  a t  1 m e t e r  

Vibration 

Sinusoidal vibration load: 44. 9 g ( re f .  8) 

Random vibration load: 23. 7 g 

All  des igns  to m e e t  s tandard shipping and launch pad environments  

*<This allows fo r  nominal 5, 10, 25, and 50 W a f t e r  6 months shelf life f o r  
prometh ia  and 2 y e a r s  for  plutonia. 
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Fuel  form:  promethia  - 147Pm203 - W ce rme t ;  and plutonia - 238PuOz 
b a r e  mic rosphe res  o r  238Pu02 - Mo c e r m e t  

P r i m a r y  containment vessel :  T a  

Impact  energy absorption layer :  Ta  foam 

St ruc tura l  container: T-111 

Oxidation b a r r i e r :  Pt 

Therma l  insulation layer:  pyrolytic graphite 

Ablator mater ia l :  POCO graphite 

Density values used in determining the weight of the ma te r i a l s  a r e  p r e -  
sented in table 4. 

TABLE 4 

DENSITY VALUES FOR HEATER MATERIALS 

Density Density Density 
Mate r i a l  ( lb  / in3) ( lb  / f  t3) (gm/cm3)  

Pm203 c e r m e t  0. 330 570 9. 14 

P u 0 2  c e r m e t  0.366 63 2 10. 13 

6. 81 P u 0 2  mic rosphe res  0. 246 425 

Ta  0. 60 1038 16. 7 

T-111 0. 604 1043 16. 8 

Plat inum 0.775 1340 21.45 

T a  foam (30 v / o  Ta )  0. 1812 313 5 .02  

Pyro ly t ic  graphite 0. 070 121 1 .94  

POCO graphite 0. 0738 127. 5 2. 04 

Shape and s ize  tradeoffs,  and hea ter  nomenclature. - In o r d e r  to avoid 
confusion and positively identify each specific design, a code numbering 
sys tem was developed a s  shown below: 

1. Example 1: Radioisotope 
c Fue l  F o r m  

A /  
PMC - 10 - 1 c s e r i e s  

t Therma l  power 

(This  r e f e r s  to a 10-W 147Pm 0 c e r m e t  fuel and i s  s e r i e s  1. ) 2 3  
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2. Example 2: PUM-50-4 

(This  r e f e r s  to a 50-W 238Pu02 b a r e  mic rosphe re  fuel  and is s e r i e s  
4. 1 

3 .  Example 3:  PUC-50-1s 

(This  r e f e r s  to a 50-W 238Pu02 c e r m e t  fuel and i s  s e r i e s  1. The 
"SI1 means  that the fuel capsule  has  a spher ica l  shape; no l e t t e r  at 
the end of the code number means  that the fuel capsule  i s  a cylinder.) 

F o r  the tradeoff s tudies ,  a r e fe rence  s e t  of designs for  each  power leve l  
(5, 10,  25 and 50 W, nominal) and fue l  f o r m  (promethia  ce rme t ,  plutonia 
c e r m e t ,  and plutonia mic rosphe res )  was  selected and analyzed to f o r m  a 
bas i s  for  comparison. 

After selecting the ma te r i a l s ,  the next considerat ions were  shape, thick- 
nes ses ,  and arrangement .  Since promethia  c e r m e t s  a r e  l a rges t ,  PMC cap-  
su les  were  considered f i r s t .  

PMC s i zes  l is ted in table 5 a r e  based on a specific power of 71. 6 W / l b  a t  
t ime  of encapsulation and a density of 0. 33 lb/in.  3. 
encapsulation a r e  5. 7, 11. 4, 28. 5, and 57. 0 W which resu l t  in nominal leve ls  
of 5, 10, 25, and 50 W,  respect ively,  6 months a f t e r  encapsulation. 

Power  levels  at t ime  of 

The bas i c  shape selected f o r  the re ference  capsules  i s  cylindrical. This  
choice was  made la rge ly  on the bas i s  of state-of-the-art  fabrication experience.  
A fuel capsule  L / D  (length to d i ame te r )  ra t io  of unity was selected on the 
bas i s  of previous independent r e s e a r c h  and development analytical  work and 
on consideration of the reent ry  heating cha rac t e r i s t i c s  (a s lender  cylinder 
tends to ablate m o r e  rapidly than a thicker  one). 

A thin wall  (0. 020 in, ) of Ta cladding around the fuel i s  provided for  con- 
tainment during fabrication. 
s t ruc tu ra l  shel l  which has  oblate spheroidal  ends. 
tantalum foam a r e  provided between the ell iptical  shel l  and the flat  ends of 
the cladding. The  thickness of the protect ive shel l  was set at 0. 060 in. fo r  
the 5- and 10-W s i zes  and 0. 120 in. fo r  the l a r g e r  s izes .  
were  based on radiation shielding requi rements ,  and on s t ruc tu ra l  s t rength 
requi rements  (impact,  c rush ,  etc. ). 

This  in  turn i s  centered within the T-111 
End caps made of 30 v /o  

These thicknesses  

The platinum oxidation b a r r i e r  sur rounds  the T -  11 1 shel l  and el iminates  
T-  11 1 -graphi te  compatibil i ty problems;  
sufficient, based on cor ros ion  and oxidation r a t e  considerations,  

0. 020 in. f o r  each  s i ze  appea r s  

F o r  POCO/pyrolytic graphite ablator  / insulator  combinations, a 0. 25-in. 
thickness of each m a t e r i a l  was  selected fo r  all capsule  s izes ,  based on ex-  
ist ing r een t ry  da ta  and pre l iminary  integrated heat  load computations fo r  the 
capsules  during reentry.  
ou ter  POCO graphi te  ablator  and the platinum is or iented with the lowthe rma l  

The 0. 25-in. pyrolytic graphite layer  between the 
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TABLE 5 

PMC REFERENCE HEATER DESIGN SUMMARY 

Density Weight ( lb)  
5 w  10 w 25 W 50 W 

Layer  Mate rial ( lb / in .3  ) PMC-5-1 PMC-10-2 PMC-25-1 PMC-50-2 

F u e l  

Cladding 

2 end c a p s  

S t ructu r a1 
she l l  

Oxidation 
b a r r i e r  

Insulation 

Outer  
ablato r 

Pm2O3 0 .330  147 

- 20 V I 0  w 
20 mils T a  0. 60 

30 v / o  T a  0.  181 
f o a m  

60 o r  120 0. 604 
mils T-111 

20 m i l s  0 .775  
platinum 

114 in. pyro-  0. 070 
lyt ic  graphi te  

1 /4 i n .  (min.) 
POCO 
graphi te  

0. 074 

Tota l  capsule  weight (lb) 

Tota l  capsule  volume (in. ) 

Tota l  sur face  a r e a  (in. ) 

Overa l l  d i a m e t e r  {in, ) 

Overa l l  length (in. ) 

F r o n t a l  a r e a ,  end-on (in. ) 

W/A, end-on (lb/ft  ) 

F r o n t a l  a r e a ,  side-on (in. ) 

W/A, side-on (lb/ft  } 

Specific power,  (W/lb) 

3 

2 

2 

2 

2 

2 

0. 080 

0. 028 

0. 018 

0 .111  

0. 056 

0 . 1 0 1  

0. 303 

0. 697 

6. 19 

18. 7 

1. 877 

2. 237 

2. 767 

36. 25 

4. 198 

23. 89 

7. 19 

0. 163 

0. 044 

0 .034  

0. 169 

0. 082 

0. 138 

0. 384 

1. 014 

8. 70 

23. 1 

2. 056 

2.544 

3. 319 

43.99 

5. 230 

27.93 

9 . 8 6  

0 .396  

0. 078 

0. 080 

0. 512 

0. 152 

0. 230 

0. 588 

2. 036 

14. 07 

32. 4 

2. 432 

3. 028 

4, 645 

63. 12 

7. 364 

39.81 

12 .39  

0. 790 

0. 123 

0. 157 

0.955 

0. 234 

0. 336 

0. 815 

3. 410 

21. 41 

43. 2 

2. 770 

3. 556 

6. 026 

81.49 

9.840 

49. 90 

14. 66 
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conductivity plane i n  the radial  direction. 
the inter ior  and reduces  the rma l  gradients  and s t r e s s e s  in the POCO graphite. 

This  l imi t s  heat conduction into 

A comprehensive breakdown of re ference  PMC capsule weights and di-  
mensions i s  given in table 5. 
s t ruc tu ra l  shell ,  and fuel a r e  the heaviest  p a r t s  of the designs.  Also, total 
hea te r  weight/watt of power d e c r e a s e s  by a fac tor  of 2 f r o m  the 5- to 50-W 
s izes ,  

Note that the outer POCO graphite,  T -1  l l  

The plutonia hea te r s  are based  on a fuel f o r m  specific power of 181.6 W/lb 
and bulk densi t ies  of 0.366 lbl in .  fo r  the c e r m e t  (PUC) and 0. 246 lb/in.  3 
fo r  the P u 0 2  mic rosphe res  (PUM) .  
corresponding PMC sizes .  
30 v /o  T a  foam around the T a  cladding and within the s t ruc tu ra l  shell. 
c a s e s  were  considered: 
including end cap void space,  and thicknesses  of surrounding l aye r s  were  
assumed to be the s a m e  as  fo r  PMC hea ters .  The resu l t s  are  presented in 
table  6. Since the plutonia hea ter  s i zes  were  found to be sma l l e r  than the 
PMC s izes ,  a second case  was considered in which the s t ruc tu ra l  shel l  and 
surrounding l aye r s  were  assumed to have the s a m e  dimensions as the PMC 
designs.  
and about 3. 1 for  the PUM heaters .  Total  hea te r  weights fo r  the two c a s e s  
a r e  compared in table 6. 
imal  vs uniform plutonia hea ters  a r e  presented under  Cost  and Weight Optimi- 
zation l a t e r  in this repor t .  

Resulting fuel s izes  a r e  sma l l e r  than 
Provis ion  for  helium expansion is made by using 

Two 
F i r s t ,  a void-to-fuel ra t io  near  unity was assumed,  

The result ing void-to-fuel ra t ios  a r e  about 1. 9 for  the PUC hea te r s  

A cos t  and weight analysis  and comparison of min- 

Heater  configuration tradeoff studies were  performed to determine (1 )  
the b e s t  ablator  shape for  protection against  aerodynamic heating and ea r th  
impact;  and ( 2 )  the bes t  fuel and p r e s s u r e  she l l  shape fo r  s t ruc tu ra l  s t rength 
and impact  res is tance.  F ive  ablator  shapes were  considered: spherical ,  
cyl indrical  with f la t  ends ( re ference  case) ,  cyl indrical  with oblate spheroidal 
ends, cubic, and rectangular  parallelepiped. Of the five, only the reference 
case  and spher ica l  shape were  studied in detail ,  

Six combinations of ablator and fuel capsule shape were  analyzed: 

1. 
ca l  ablator.  

Reference  design - Cylindrical  fuel capsule  and flat-ended cylindri-  

2. Alternate  A - Spherical  fuel capsule  andcubic  ablator.  

3 .  Alternate B - Cylindrical  fuel capsule and rectangular  paral le le-  
piped ablator.  

4. Alternate  C - Spherical  fuel capsule and flat-ended cylindrical  
ablator.  

5. Alternate  D - Cylindrical  fuel capsule  and cylindrical  ablator  with 
oblate spher ica l  ends. 

6. Alternate E - Spherical  fuel capsule  and spher ica l  ablator.  
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Note that these r ep resen t  the pertinent combinations- - a cylindrical  fuel 
capsule within a cylindrical ,  rectangular ,  o r  rounded-end cylindrical  ablator  
and a spher ica l  fuel capsule  within a cylindrical ,  spherical ,  o r  cubic ablator.  
The six combinations a r e  shown in table 7. 

Weight 
s u m m a r y  (lb) 

B a r e  capsule  

P y r o  graphi te  

P O C O g r a p h i t e  

Tota l  wt  

The equivalent spher ica l  fuel capsules  f o r  promethia  c e r m e t  fuel are  i l -  
lus t ra ted  in f igures  4 and 5. These  were  designed on the bas i s  of the same 
fuel volume and s t ruc tu ra l  l aye r  thicknesses  a s  in the equivaleqt re ference  
designs,  
l a r g e r  than in the re ference  case,  l ayer  weights a r e  less .  Total weight of 
the b a r e  spher ica l  capsule plus pyrolytic graphite (a lso spherical)  i s  about 
19% l e s s  fo r  both power levels.  
some Ta  foam would probably be required,  

Although outer  dimensions of the spher ica l  l a y e r s  a r e  slightly 

Note that  no T a  foam i s  shown; in pract ice ,  

R e f e r e n c e  
Des ign  

1OW 50W 

0.49 2. 26 

0. 14 0 . 3 4  

0 . 3 8  0. 81 

1 .01  3 .41  

TABLE 7 

HEATER CONCEPT COMPARISON FOR PROMETHIUM F U E L  

1OW 50W 

0. 49 2. 26 

0 . 1 4  0 . 3 4  

0. 55 1 .24  

1 . 1 8  3 . 8 4  

2.06 2.77 

2. 50 3. 52 

10. 57 26.97 

196 262 

178 233 

4 0 . 2  72. 1 

33 .2  56.7 

cyl.  ( f la t -end 

1OW 50W 1OW 50W 1OW 50W 

0.40 1. 84 0.49 2. 26 0 .40  1.8L 

0. 11 0 . 2 8  0. 14  0 .34  0. 11 0.26 

0 .42  0 . 9 4  0 . 2 5  0. 51 0. 22 0.4: 

0 .93  3.06 . 8 8  3 . 1 1  0 . 7 3  2.5:  

2 .18  2 .98  2.06 2.77 2 .18  2.9E 

2. 18 2 .98  2. 50 3. 52 - - -  --- 
8. 1 4  20 .78  6. 53 17. 11 5.43 U . 8 t  

221 293 382 532 

328 435 330 448 
423 578 

35 .9  63. 2 3 8 . 3  74 .3  

28.2 49.6 28.7 52 .5  
28 .2  52.t  

Capsule  shape  
Abla tor  shape  

I m p a c t  ve loc i ty  
( f t /  s e c )  

End- on 
Edge o r  side o n  

W / A  Ib/f t2  

End- on 

Edge o r  s i d e  on 

245 333 

329 438 

44.0 81. 5 

27.9 49 .9  

Dimens  ions 
(in.  ) 

a 2.06 2 .77  
b 

S p h e r i c a l  
cubica l  

Al te rna te  A 

1OW 50W 

0.40 1. 84  

0.11 . 2 8  

0. 58 1 .36  

1.09 3 . 4 8  

10.36 26.46 

178 232 

131 171 
~ ~~ 

3 3 . 2  56.4 

23. 5 3 9 . 9  

A l t e r n a t e  B A l t e r n a t e  C 

Cyl indr ica l  C y l i n d r i c a l  
r e c t .  f a c e d  cyl.  ( f la t -end)  

e n d s )  
I Sp he r i c a l  

S p h e r i c a l  

A l t e r n a t e  E 
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Figure 4. PMC-10-2s 147Pm203 Cermet Spherical 10-W Capsule with Cubic or Cylindrical Ablator 

0.944 LB FOR CYL. ABLATOR 
1.36 LB FOR CUBIC ABLATOR 

PYROLYTIC GRAPHITE 
0.275 LB. 

PLAT1 NUM 

0.107 LB. DlAM = 1.66 

I I 

69-319 

(DIMENSIONS 
IN INCHES) 

2.98 
I 

Figure 5. PMC-50-2s 147Pm203 Cermet Spherical 50-W Capsule with Cubic or Cylindrical Ablator 

32 



P a r t  of th i s  weight advantage is lost  in encasing the spher ica l  capsule i n  
An overa l l  weight summary  of pro- a flat-ended cylinder o r  parallelepiped. 

methia-fueled capsules  is presented in table 7 f o r  the s ix  designs.  
s a m e  outer  ablator  shape, whether a parallelepiped o r  cylinder,  overa l l  
weights f o r  spher ica l  capsule designs a r e  about 10% lower than fo r  cylindri-  
c a l  inner  capsules .  

F o r  the 

Although the spher ica l  fuel design resu l t s  in a significant weight reduc-  
t ion f o r  promethia capsules,  comparat ive weights for  plutonia capsules a r e  
m o r e  near ly  equal, assuming a fixed void-to-fuel ratio.  
cyl indrical  capsules  can uti l ize void space in the  end caps fo r  hel ium expan- 
sion, while spher ica l  capsules  have no corresponding volume. 
therefore ,  c r ea t e  a sma l l  weight penalty fo r  promethia fue l ;  but fo r  plutonia 
capsules ,  end caps can be used effectively. On the other  hand, a spher ica l  
v e s s e l  i s  theoret ical ly  s t ronger  f o r  the same  internal  p r e s s u r e  (volume). 
Neglecting fabricat ion and welding considerations,  a spherical  plutonia cap- 
sule with the same  internal  volume a s  the re ference  case  is equivalent from 
a n  inte rna 1 p r e s  s u r  e standpoint - -but super  io r f r o m  a containment standpoint. 

This  i s  because 

The end caps,  

Data shown in table 7 indicate that  a cubic o r  rectangular shape resu l t s  
in the heaviest  ablator ,  while a spher ica l  o r  cyl indrical  shape with rounded 
ends i s  l ightest;  the r e fe rence  f l a t  end cyl indrical  shape i s  in  between. 
s ame  t r end  holds fo r  total  volumes and sur face  a r e a s .  

The 

Reentry heating and impact cha rac t e r i s t i c s  of design al ternat ives  a r e  
d iscussed  in the Design Analysis section of this  repor t ;  the resu l t s  a r e  r e -  
viewed h e r e  and related to the design. 

In r een t ry  heating, two considerations a r e  of pr ime importance: the 
bal l is t ic  coefficient and the heating rat ios .  
different designs a r e  l isted in  table  7 for  two bas ic  orientations.  
hea t e r  designs with spherical  fuel capsules  have the lowest weight /a rea  value 
f o r  any given ablator  shape. Corresponding stagnation-point heating i s  l e s s ,  
and since the heating rat ios  a r e  the same,  integrated heating is a l so  l e s s .  
Despite the lower surface-heating, designs with spher ica l  fuel  capsules 
a t ta in  t empera tu res  equivalent to those of designs using cylindrical  capsules 
because heat is m o r e  readily conducted inward. Therefore ,  t h e r e  is  no 
significant difference in internal  t empera tu res  of the two fuel-capsule shapes.  

Weight /area values f o r  the 
Note that 

Reentry heating, however, i s  strongly dependent on the shape of the outer  
ablator .  
heating a s  determined by bal l is t ic  coefficient and heating ratio effects. 
sphere  and the round-end cylinder have the g rea t e s t  su r f ace  heating. 
ended cylindrical  ablator  designs fa l l  in between. 

Cubic and rectangular-faced designs have the lowest total  sur face  
The 

Flat-  

The r een t ry  impact velocity calculations a r e  summar ized  in table 7.  
Note the significantly lower velocit ies fo r  cubic and rectangular-faced shapes.  
Round shapes a r e  again the wors t  case ,  and flat-ended cylinders f a l l  in 
between. 
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0.896 
D l A M  

I 

Reference Designs and Fabricat ion Details. - f igu res  6 and 7 show 
typical design detai ls  of the 10- and 50-W reference  hea te r  designs.  
containment of the fuel  is provided by a Ta capsule. The cylindrical  section 
of the capsule i s  a tube with a 0.020 in. -thick wall;  the ends a r e  identical  in  
shape and a r e  machined f r o m  0.040-in. Ta  sheet. Fabricat ion of the p r imary  
containment s t a r t s  with the welding of an  end into the tubular section. 
standing l ip weld is provided f o r  and can be tungsten-inert-gas (TIG) welded 
o r  e lec t ron-beam (EB)  welded. 
a s  a p r e s s u r e  vesse l ,  welding the ends requi res  only that they be leak-tight 
until the  capsule i s  sealed into the h e a t e r ' s  s t ruc tu ra l  shell. 

P r i m a r y  

A 

Since the p r imary  container is not designed 

After the fuel f o r m  is placed in  the p r i m a r y  container,  a disk of 0.010- 
in. -thick T a  is placed over  the fue l  a s  a spacer  to prevent volatilization of 
the isotope during c losure  welding. 

The s t ruc tu ra l  shel l  consis ts  of a tubular cen t r a l  section and ends formed 
The  ma te r i a l  chosen is  a Ta alloy, T-111, in  the shape of a n  oblate spheroid. 

which contains tungsten and hafnium. 

Assembly of the s t ruc tu ra l  shel l  begins with the E B  welding of one end to 
the tubular  section. 
used around the capsule a s  well  as at both ends to center  the fuel  within the 
T-111 s t ruc ture .  The s t ruc tu ra l  shel l  is closed by EB-welding the other  

In the case  of a plutonium-fueled capsule, T a  foam is 

69-320 

0.020 PT (OXIDATION BARRIER)  

0.060T-111 STRUCTURAL CONTAINER 
0.250 (MIN.) POCO GRAPHITE 

0.250 PYROLYTIC 0.064 Ta FOAM 

0.020 Ta CONTAINER 

/-0.g364 2.544 I 

Figure 6. PUC-10-4 Nominal 10-W 238Pu02 Heater 

~ 2.056 

(DIMENSIONS I N  INCHES) 
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D l A M  
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69-321 

0.020 PLATINUM (OXIDATION BARRIER) 

10.120 T-111 STRUCTURALCONTAINER / 
0.250 PYROLYTIC / / ,O.O%OTa FOAM 

0.020 Ta CONTAINER 

L 1.530 f 0.001 -P 

3.556 2~ 0.002 I 

2 
c 

'0 
,M  

(DIMENSIONS I N  INCHES) 

Figure 7 .  PUC-50-4 Nominal 50-W 238Pu02 Heater 

end to  the tubular  section. 
sonic nondestructive t e s t  device to  ensure  against  voids o r  inclusions in the 
welds, and 100% penetration. 

All s t ruc tura l  welds a r e  inspected with an  ul t ra-  

Since T-  11 1 is  a re f rac tory  metal  alloy subject to oxidation a t  elevated 
t empera tu res ,  a b a r r i e r  against  degradation i s  provided by a 0.020-in. -thick 
platinum shell. 
over  the s t ruc tu ra l  shell. 

Identical halves a r e  butt-welded to f o r m  a complete cover  

Protect ion to ensu re  survival  of the capsules  during reent ry  is provided 

The  
by a n  outer  shel l  of POCO graphite a s  a n  ab la tor  and an  insulating shel l  of 
pyrolytic graphite with the  AB plane concentr ic  to the s t ruc tu ra l  shell .  
pyrolytic graphite i s  composed of t h ree  pieces;  two identical  ends and one 
tubular  section. (It may be possible to f o r m  the pyrolytic graphite in only 
two pieces,  using a common mandrel,  and machining the ends to f i t  as a 
ma le / f ema le  joint. ) The POCO graphite ab la tor  is formed into cylindrical  
bi l le ts ;  machined; and the two halves  bonded together.  
lytic graphite is probably not required.  

Bonding of the pyro- 

Uniform hea ter  designs: F igu res  6 through 9 i l lus t ra te  the detai ls  and 
dimensions of typical designs and s izes  for  the nominal 10- and 50-W hea te r s  
using 147Pm203 o r  238PuO2. All thicknesses  and s i zes  from the s t ruc tu ra l  
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shel l  outward a r e  the same  f o r  s imi l a r  power levels.  
wherever  

Use of identical  pa r t s  
possible reduces the equipment required and simplifies fabrication. 

Other re ference  designs: f i g u r e s  10 through 17 complete the list of 
All use  the same  reference  hea ter  designs developed during this study, 

ma te r i a l s  and retain the flat-ended cylinder confi urat ion for  the ablator.  

for  fuel. 
counterpar ts  using the c e r m e t  fue l  fo rm.  

F igures  12  and 13 i l lus t ra te  a concept that uses  2 5 8Pu02 ba re  mic rosphe res  
These  hea te r s  a r e  slightly sma l l e r  and l ighter in weight than the i r  

Alternate hea ter  concepts: Although the flat-ended cylindrical  configura- 
t ion was selected f o r  the re ference  designs,  s eve ra l  a l te rna te  configurations 
w e r e  considered. T h r e e  of these a r e  shown in f igures  18 through 20. 
r e fe r  to Pm fuel, but Pu can be used in the spher ica l  and stacked design 
concepts a s  well. 

All 

The types of ma te r i a l s  used f o r  the spher ica l  geometry a r e  identical  to 
those fo r  the re ference  cylindrical  design. 
potential reduction in fabrication cos ts  once the techniques have been developed. 
However, impact  velocity is high (table 7 )  and it may be m o r e  difficult to 
integrate  with a component and to stack o r  group the hea te r s .  

An advantage of this design i s  the 
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Figure 10. PMC-5-1 Nominal 5-W. 147Pm203 Heater 
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Figure 1 1 .  PUG-5-1 Nominal 5-W 238Pu02 Heater 
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Figure 12. PUM-10-4 Nominal IO-W 238Pu02 Bare Microsphere 
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Figure 13. PUM-50-4 Nominal 50-W 238Pu02 Bare Microspheres 
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Figure 14. PMC-25-1 Nominal 25-W 147Pm203 Heater 
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Figure 15. PUC-25-1 Nominal 25-W 238Pu02 Heater 
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Figure 16. PUG-10-3 Nominal 10-W 238Pu02 Heater 
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Figure 17. PUG-50-3 Nominal 50-W 238Pu02 Heater 
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Figure 18. PMC-50-1s 50-W Spherical Pm Heater (WT z 2.56 LB) 
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Figure 19. Stacked Capsule Concept 

69-329 E. 
I 

,0.020 
I 0.1 20 

HfB2 
T - I l l  STRUCTURAL 
CONTAl N E R 

0.020Ta FUEL CONTAINER 
/ 147Pl n203-20v/o CERMET 

3 1  k J (DIMENSIONS I N  INCHES) 

COP 'OSITE 

Figure 20. 50-W Unitized Pm Heater (W G 2.82 LB) 

43 



The stacked capsule concept (fig.  19)  used a baseline 10-W capsule. 
This  capsule i s  identical  to the 10-W baseline cyl indrical  design except that  
the T-111 s t ruc tu re  thickness is 120 mi ls  r a the r  than 60 m i l s ;  this  is  nec-  
e s s a r y  to provide adequate shielding when a number of capsules a r e  stacked 
together.  The ma jo r  advantage of this design is that  it s tandardizes  capsule 
s i zes  and thus reduces fabrication cos ts .  
higher because each s ize  would have to be tes ted  separately;  and the design 
does incur  a weight penalty. 

But qualification cos ts  would be 

The third concept (fig. 20)  is the promethia  unitized design. It depar t s  
f r o m  the other  design concepts in a number of important  a r e a s :  (1) HfB2 
rep laces  P t  f o r  the oxidation b a r r i e r ,  (2 )  graphi te  fe l t  i s  used in  place of 
pyrolytic graphi te  for  t he rma l  insulation, (3) a graphite Ceramic, HfB2.- 
WSi2-C o r  TiB2-WSi2-C, replaces  POCO graphi te  f o r  the ablator .  Using 
these  ma te r i a l s  (which a r e  under development a t  DWDL), the ab la tor  insula- 
t o r  can be pressed  around the fuelcapsule  in a one-step DWDL 
has  fabricated approximately 12  radioisotope hea te r s  using th i s  process  and 
stand-in fuels.  Recently, one promethia-fueled capsule was a l so  fabricated 
by this process .  Examination of the stand-in fueled capsules has  shown that 
no fuel  penetrated the Ta  container on any of the capsules.  A p rogram 
i s  cur ren t ly  underway a t  DWDL to determine the physical and mechanical  
proper t ies  of the graphi te-ceramic.  This  method cannot be used with Pu a t  
the present  t ime because of the need f o r  a void within the capsule. 

process .  

F igure  2 1  i l lus t ra tes  a spherical  capsule in a cube-shaped ablator .  This  
concept is slightly l a r g e r  than the re ference  design in overa l l  dimensions 
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and it weighs slightly more .  
significant reduction in impact velocity. 
is the high development cost  required to produce a spher ica l  cermet-fueled 
capsule,  and the lack of experience in forming cubic shapes. 

I t s  chief advantage over  the re ference  design is a 
The p r imary  disadvantage a t  present  

A number of h e a t e r  configurations w e r e  considered be fo re  selecting the 
flat-ended cylinder a s  the re ference  design. 
appendix A. 

These  a r e  presented  i n  

Reference hea te r  mounting design. - The hea ter  mounting sys t em s e r v e s  
o ther  purposes  in addition to c o r r e c t  positioning of the the rma l  energy 
source.  The mounting must  provide low t h e r m a l  res i s tance  so that  hea t e r  
operating t empera tu res  will  not exceed design l imits.  
approach takes  into account the fact  that an  appropriately designed support  
furn ishes  protection to the hea te r  f r o m  blas t  debr i s .  To design the hea te r  
to  withstand debr i s  without some protection by the mounting assembly  would 
unduly penalize the hea ter  f r o m  a weight,volume, and cost  standpoint. 

In addition, a sys t ems  

Figure  2 2  i l lus t ra tes  a representat ive design f o r  a support  sys t em in 
which the hea te r  i s  attached to  the ex ter ior  of the unit requiring heat. 
i l lust rat ion shows a design employing a sheet  meta l  housing, a saddle block, 
and an  aluminum cover  plate. Bolts and locknuts a r e  used to hold the cover 
in place. 
reinforced threaded holes. The saddle block accommodates  the curved 
su r face  of the hea ter  and furnishes  a good t h e r m a l  conduction path to the 
component . 

The 

The mount is  attached to the component with bolts inser ted  into 

Cost and weight optimization. - The survey  of t he rma l  requirements  
aboard manned spacecraf t  established 37 different application a r e a s  requir ing 
between 180 and 300 hea ters .  
would substantially add to these e s t ima tes ;  t he re  is  a l so  the likelihood of 
additional applications evolving during hardware  testing phases.  
s e e m s  logical to a s s u m e  that a l l  power levels  in the 1- to 5 0 - W  range 
a r e  equally probable. 
level  selection until  such t ime a s  a bet ter  assumption may be substantiated. 

A survey  of unmanned spacecraf t  applications 

It therefore  

This  rationale should se rve  a s  the bas i s  for  power 

Weight optimization; Table 8 gives the  weights of the 5-, l o - ,  25-, and 50-W 
P u  and Pm c e r m e t  re ference  hea ters .  F igure  23 presents  weight v s  power 
level f o r  combinations of the same and different hea te r  s izes .  Th i s  curve  i s  
based on Pm heater  weights; however, the same  conclusions would be valid 
f o r  Pu. The number(s)  i n  each  power level  interval  represents  the lightest 
hea t e r  o r  combination of hea te r s  that sat isf ies  the power requi rements  of that  
int e rva 1. 

F r o m  f igure 23 it is seen that the weight differences between the lightest 
and the next heaviest  hea t e r  o r  combinations which sat isfy the given t h e r m a l  
requirement  a r e  s m a l l  (general ly  < 1 lb). 
the applications can be satisfied without incurr ing a significant weight pen- 
a l ty  by using 10- and 50-W hea te r s  e i ther  individually o r  by stacking and /o r  
diluting. 

The important  point is that a l l  of 
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TABLE 8 

HEATER WEIGHTS AND REFERENCE DESIGNS 

P m 2 0 3  Weight 
c e r m e t  (lb) 

PMC-5-1 
PMC-10-2 
PMC - 25- 1 
PMC-50-2 

P u 0 2  c e r m e t  (minimal  s i ze )  

PUC-5-1 
PUC-10-3 
PUC - 25- 1 
PUC - 50 -3 

P u 0 2  cermet (uniform size):: 

PUC- 10-4 
PUC-50-4 

0 .697  
1. 014 
2. 036 
3.410 

0. 530 
0. 740 
1. 524 
2.423 

0. 964 
3. 205 

::All dimensions and m a t e r i a l  thicknesses  of s t ruc tu ra l  shell  out to 
and including POCO graphite ablator  are  identifical to the PMC 
hea ter  designs.  
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C o s t  considerat ions for  additional hea te r  power levels:  
g r a m  requ i r e s  a minimum number of different s ize  hea te r s  while adhering 
to minimal  weight guidelines. 
f o r  a third hea ter  s ize ,  if the 10- and 50-W hea te r s  were  previously developed 
and qualified, a r e  $150 000 to $200 000. 
assumed,  and if the small weight differences between hea ter  comb 
considered, a l a rge  number of hea te r  applications m u s t  exis t  in o r d e r  to 
amor t i ze  the cos t  of producing a n  additional hea te r  size.  F r o m  figure 23 it 
is seen-that  the l a r g e s t  weight penalty incur red  by producing only 10- and 
50-W hea te r s  occur s  in the 20-to25-W interval  where three  10-W hea te r s  
weigh about 1 lb m o r e  than one 25-W size.  It would requi re  approximately 
100 applications in the 20- to 25-W interval  to justify production of a third 
hea ter  s ize .  F o r  any other  power interval ,  the number of applications r e -  
quired for  amort izat ion would be significantly higher s ince typical weight 
differences a r e  a few tenths of a pound. However, if the payload penalty is 
on the o r d e r  of $50 000/lb because  of launch vehicle and/or  miss ion  constraints, 
the development of a specif ic-s ized hea ter  would be justified. 

A cost-effective pro-  

Est imated development and qualification cos t s  

If a payload penalty of $2000/lb i s  

C o s t  considerat ions for  minimal  vs  uniform hea ter  s izes:  The Pm and 
P u  uniform-size hea te r s  have the s a m e  outer  dimensions and all ma te r i a l  
thicknesses  are  the same  f rom the s t ruc tu ra l  shel l  outward, F r o m  table 8, 
i t  i s  seen that the 1 0 - W  P u  c e r m e t  minimal  heater  s i ze  i s  0. 224 lb l ighter 
than the uniform size,  while the 50-W P u  hea ter  is  0. 781 lb l ighter than the 
P u  uniform size.  The uniform 
volumera t io  than does the minimal  s ize  and, thus, provides a g rea t e r  mar- 
gin of safety in t e r m s  of internal  helium buildup. 

P u  hea ter  provides a g rea t e r  void/fuel 

The additional cos t  of fabr icat ing and qualifying two different hea te r  
s izes  for  one power level  i s  approximately $80 000 to $100 000. 
qualification t e s t s  such as ablation, impact,  vibration, launch abor t  debr i s ,  
etc. , could be performed with only one hea ter  s ize  for  each power level  
selected i f  the uniform-size s e r i e s  were  chosen over  the minimum-s ize  
se r i e s .  

Many of the 

Engineering analyses  and manufacturing development cos t s  would a l so  
be  reduced with a uniform hea ter  s ize  approach. Due to the relatively small 
weight differences (0. 224 to 0. 781 lb) ,  i t  would appear  difficult to justify the 
minimal  s ize  approach when considering the g r e a t  number of hea te r s  required 
to amor t ize  the development cos ts  of two different heater  s i zes  for  one power 
level. Finally,  the uniform s ize  approach pe rmi t s  interchangeabili ty of Pm 
and P u  hea te r s  since only one mounting a r r angemen t  is required fo r  each 
power level. 

Design approach and tradeoff study summary  and recommendations.  - 
Resul ts  of the design approach and tradeoff studies a r e  summar ized  below; 
r e fe rence  design recommendations are  also pr.esented. 

Summary  of results:  Spherical  capsules  based on in te rna l  capsule vol- 
ume equal to that for  the re ference  designs weigh slightly l e s s  than the re f -  
e r ence  designs but a r e  theoretically s t ronger  in re la t ion to internal  p re s su re .  
The p r i m a r y  disadvantage a t  p resent  i s  the high development cos t  required to 
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produce the spher ica l  cermet-fueled capsule;  as far as can be determined,  
no cermet-fueled spher ica l  capsule has  been fabricated to date, 

Flat-ended cyl indrical  hea t e r s  with spher ica l  fuel capsules  will r e su l t  in 
a net  weight saving of about 10% while the cubic hea ter  coqfiguration r e su l t s  
in  a net  i nc rease  of about 10% compared to the reference designs.  

Use of a squared-off ablator  such as a cube o r  rectangular  parallelpiped 
r e su l t s  in substantially lower impact  velocit ies,  even considering possible 
rounding of the c o r n e r s  during r een t ry  heating. In addition, the total heat 
load i s  l e s s  during reentry.  
w o r s t  f r o m  the standpoint of heating and impact. 
in between. Some penalty i s  incur red  regarding weight, volume, and sur face  
a r e a  using the squared-off ablators .  The 
cubic hea ter  with the spherical  fuel capsule (a l te rna te  A, table 7) i s  the bes t  
design f r o m  the standpoint of r een t ry  and impact  velocit ies,  

Spheres  and elliptical-ended cyl inders  a r e  
Flat-ended cyl inders  fall 

The amounts a r e  shown in table 7. 

Safety and design analysis  and l imited impact testing indicate that the 
re ference  hea ter  designs mee t  established safety c r i t e r i a  and have a high 
probability of surviving all miss ion  phases  and environments,  

Two reference  design s izes ,  the 10-  and the 50-W, will span the power 
range f r o m  1 to 50 W without incurr ing significant weight penalties. 
spec ia l  si tuations would the development of a third s ize  be warranted. 

Only i n  

Use of uniform o r  standardized s i zes  fo r  P u -  and Pm-fueled hea te r s  in- 
c u r s  a sma l l  weight penalty when compared to the additional development, 
qualification, and production cos ts  for  minimum- s ize  hea ters .  

Recommendations: The phase I1 safety analysis ,  design, and develop- 
men t  should concentrate OE the reference design. 
mit ,  a l te rna tes  A, B, and C (table 7) should be fur ther  analyzed and tested.  

If budget and schedule p e r -  

Only two hea ter  s izes  should be considered fo r  development - the 10-  
and 50-W sizes .  P u  and Pm hea te r s  of the s a m e  nominal power level should 
be standardized. The spher ica l  and rounded-end cylindrical  ablator  designs 
a r e  not competitive in t e r m s  of r een t ry  and impact  velocit ies,  although they 
a r e  the l ightest  designs.  
fur  the r. 

It  is recommended that these not be considered 

Severa l  additional c r i t e r i a  for  final selection of the optimum shape have 
been identified. These a r e a s ,  many of which do not submit to quantitative 
evaluation, requi re  additional consideration; where  possible,  analyses  and/or  
testing should be undertaken. A par t ia l  l i s t  of such a r e a s  include fabricat ion 
complexity; cos t s  of development, qualification, and production; flexibility; 
and component and miss ion  evaluations. 

Ablator Design Analysis 

Ablator degradation in n o r m a l  operation. - The sur face  tempera ture  of 
a radioisotope heater  in no rma l  operation will  be determined by the heat  bal-  
ance relationship with the environment. Typical values range f rom 100" to 
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400°F.  
depending upon the length of the mission.  

These t empera tu res  may be maintained fo r  a per iod of s eve ra l  y e a r s  

At these  moderately elevated t empera tu res ,  long t e r m  degradation of 
cer ta in  ablation ma te r i a l s  m a y  r e s u l t  p r i o r  to reent ry ,  thereby reducing the 
the rma l  per formance  of the ablator.  
data  pertaining to long term degradation of s eve ra l  charac te r i s t ic  ablator  
ma te r i a l s  a t  t empera tu res  corresponding to those experienced during no rma l  
operation. Types of degradation considered were  sublimation, evaporation 
of the m a t e r i a l  itself o r  a volatile component in high vacuum, breakdown such 
as thermal  rupture  of polymer bonding, and oxidation. 
t u re s ,  these effects often resu l t  in significant changes in the proper t ies  of 
the m a t e r i a l  and in the r een t ry  per formance  of the ablator.  Data shown in 
table 9 (refs. 9 through 2 3 )  furnish general  indications of m a t e r i a l  break-  
down t empera tu res  and a r e  useful mainly for  comparisons r a the r  than fo r  
absolute values.  Nate that t he re  is some d isagreement  among the var ious 
sou rces  quoted; in  par t icular ,  data concerning the var ious phenolics a r e  
quite incomplete. 

An investigation was conducted to locate  

At elevated tempera-  

TABLE 9 
SUMMARY O F  MASS LOSSES FROM ABLATORS 

Sublimation, degassing, Oxidation Temp 
Mater ia l  etc ( % / y r )  (mil / y r  1 ( O F )  

Graphite s <o. 1 - -  572 
- -  c.  0. 6 450 

Pyrolyt ic  graphite Negligible - -  3000 
- -  <o. 001 450 

Phenol ics  On the o r d e r  of 10 - -  270 
Rapid decomposition - -  -400 

Teflon 1. 5 to 3. 0 - -  600 

These  data indicate that  the phenolics will experience significant degra-  
dation, depending on operating t e m p e r a t u r e  and miss ion  life. Pyro ly t ic  
graphite appears  to undergo negligible degradation, and the graphi tes  and 
teflon appear  to be l i t t le affected unless  the tempera tures  involved a r e  near  
400°F  and the mission l ives  a r e  beyond 5 years .  

Aero thermal  analysis. - Aerodynamic cha rac t e r i s t i c s  of the heater  de-  
s i g n s  a r e  important;  two c r i t i ca l  a r e a s  of safety a r e  protection from reent ry  
heating and containment a f t e r  ea r th  impact. 
design, ablative ma te r i a l  chosen, and i ts  shape and thickness a r e  pr ime 
factors .  
lunar  re turn  and ea r th  orb i ta l  decay t ra jec tor ies .  
and f ac to r s  affecting the r e su l t s  a r e  d iscussed  and related to the designs. 

F o r  both of these a r e a s ,  ablator  

I n  this section, the designs a r e  studied fo r  independent reent ry  for  
Basic  phenomena involved 

Initial conditions: Initial flight cha rac t e r i s t i c s  a r e  referenced to a 
400 000-ft altitude over  the North Pole.  
s tar t ing point since a t  this  altitude, orbiting bodies of the type considered 
will n o t  make a complete orbi t  before  they fall to e a r t h  
taken only as a convenient point of reference) .  

This  i s  the normal  a tmosphere 

(the North Pole  is 
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The initial surface tempera ture  of the hea te r s  was calculated to be 2 4 0 ° F  
The internal tempera tures  were  only based on a space equilibrium condition. 

a few degrees  higher. 

I n i t i a l  velocities were  a s sumed  to be 25 694 f t / s e c  ( c i r cu la r  velocity) 
for  orbi ta l  decay and 36 300 f t / s ec  (corresponding to the Apollo velocity) for  
lunar  re turn.  
f rom -90" to skip t ra jector ies .  A wors t - case  0"  flight angle for  orbi ta l  de-  
cay was assumed.  

Several  selected flight angles f o r  lunar  re turn  were  considered 

The initial weights, projected a r e a s ,  and weight-to-area rat ios  fo r  the 
Detailed analysis  of reference and al ternate  designs have been discussed. 

d r a g  coefficients for  different shapes and flow reg imes  i s  presented in 
appendix B, including a s u m m a r y  of d r a g  coefficients used in t ra jec tory  
calculations. 
ious designs in different flight orientations a r e  shown in table 10  for  f r ee  
molecule (upper  a tmo sphe r e)flow, continuum hyper sonic (heating) regime,  
and subsonic (impact) velocities. 

The corresponding ball ist ic coefficients (W/CDA) for the v a r -  

Reentry environment: Using these initial conditions as  input, t ra jec tory  
calculations were  made  for  the different designs at lunar  reent ry  angles of 
-5. 2", -6. 25" and -90. O O " .  In addition, t ra jec tor ies  for  -20" and -38" lunar 
re turn  angles were  calculated for  the reference 50-W Pm design. :k 

The t ra jec tory  calculations were  made using the differential equations 
Variation of of motion for  a point mass relative to a rotating oblate earth.  

the d rag  coefficient through the var ious flow reg imes  was included, 
out the t ra jectory,  actual  (cor rec ted  for  body radius)  heating r a t e s  were  
calculated using the Det ra  and Hidalgo cor re la t ions  of the F a y  and Riddell 
equations. 

Through- 

Details of this code a r e  given in appendix C. 

Graphite ablation i s  calculated including combustion and sublimation, if 
any. The amount oxidized i s  computed assuming a n  oxygen diffusion con- 
trolled p rocess  and using the Reynolds analogy for  boundary layer  flow (mass 
flow proportional to heat  flow). 
combustion, assuming the reaction 

The oxygen flux i s  multiplied by the heat of 

- 1 C3 + - 1 
3 2 

02-CO (gas)  t 2970 Btu/lb of 02 

Dividing by the graphite density then gives the depth of graphite 
ablated. 

The amount of graphite sublimated was computed by (1)  assuming a sub- 
l imation temDerature of 6000°F; ( 2 )  calculating the radiation heat loss  at 

*Additional reent ry  angles were  added to supplement those specified in  the 
design c r i t e r i a .  
i s  required in phase I1 to ensu re  that all c r i t i ca l  design conditions have been 
included. 

A m o r e  comprehensive evaluation of t ra jec tory  conditions 
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6 0 0 0 ° F  (495 Btu/f t2  sec) ;  (3 )  estimating the t ime  period in  which the heating 
w i l l  exceed 495 Btu/ftL-sec; and (4)  taking a s imple sur face  heat balance, 
neglecting oxidation heating, t ranspirat ion cooling, and heat  t ransfer  to the 
inter ior ,  but including r e-radiation, aerodynamic heating, and sublimation. 

Detailed resu l t s  for  the re ference  designs i n  a n  ear th  orb i ta l  decay tra- 
jectory a r e  shown in table 11. The corresponding integrated heating resu l t s  
for  the design al ternat ives  a r e  i l lustrated i n  f igure 24 and compared with the 
re ference  design resul ts .  The heating rates a r e  found to  be too low to cause 
significant graphite sublimation regard less  of orientation o r  stabilization. 
Therefore ,  the amount of graphite removal  i s  small ,  and based only o n  dif- 
fusion-controlled oxidation. 
these calculations a r e  discussed in detail  in the n e x t  section. 

Some tempera ture  resu l t s  are  shown in table 11; 

Note in figure 24 that integrated heating at the stagnation point i s  near ly  
the s a m e  for  the re ference  design oriented side-on and end-on. 
rounding the ends of the cylindrical  ablator  is evident by comparing the re-  
sul ts  for  end-on for  a l ternate  D with the re ference  design. The flat-faced 
cylinder design of a l ternate  C has  lower heating end-on because of the de- 
c reased  weight (table 7). 
lar heating (al ternate  D has  slightly higher heating). 

The effect of 

Side-on, all cylindrical  ablator designs have s imi-  

I n  spite of its light weight, the sphere  has very  high integrated heating 
because of i t s  lower d rag  coefficient. 
cubic ablator design (al ternate  A). 
B) falls in between al ternate  A and the re ference  case.  
phasize the heating advantage of a high-drag, f lat-face ablator  over  the norm-  
al rounded shape. 

Lowest heating i s  attained by the 
The rectangular-faced design (al ternate  

These resu l t s  e m -  

A s u m m a r y  of lunar  re turn t ra jec tory  quantities for  the Pm2O3 reference 
design i s  presented in table 12. Ex- 
t r eme  reent ry  angles a r e  -5. 2"  and -90", the minimum and maximum angle 
re turn  for  an Apollo mission. 

Calculations a r e  for  the 50-W heater.  

In addition, calculations were  made for  the 50-W reference heater  for  
reent ry  angles of -20"  and -38". The integrated heating and corresponding 
graphite ablation for the 50-W hea ter  oriented side-on and nonspinning is 
plotted in f igure 25 as a function of lunar  re turn  angle. The sha rp  increase  
in integrated heating fo r  small reent ry  angles is  noteworthy. 
regarding heating of the capsule i s  the -5.  2" t ra jec tory  result ing in 115 000 
Btu/ft2 at the stagnation point. 
and, although the total  combined heating is grea te r ,  the amount at each pass  
is  l e s s  than for  -5. 2". 
example, at -5. 0 "  the integrated heating for  the first pas s  is 65 500 Btu/ft2 
and 70 100 Btu/ft2 for  the return.  
about 3-1/4 hours,  which is sufficient to cool the capsule. 
the re turn  time i s  1-3 /4  hours  a f te r  f irst  pass .  

The wors t  ca se  

Lower angles resu l t  in skip t ra jec tor ies ,  

The time between p a s s e s  would cool the capsule. F o r  

The t ime between first p a s s  and re turn  is 
Even at 5. l o " ,  

The  skip t ra jec tor ies ,  however, can r e su l t  in m o r e  graphite removal. 

At  -5. 0"  on the 
At -5. 2", the amount of graphite ablated for  the nonspinning 50-W capsule i s  
0. 34 in. ; 0. 16 in. is oxidized and 0. 18 in. i s  sublimated. 
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first pas s ,  0. 04 in. is oxidized and 0. 09 in. is sublimated. On the r e tu rn  
reent ry ,  0. 13 in. is oxidized and 0. 11 i s  sublimated. A total  removal  at 
-5. 0"  is therefore  about 0. 37 in. 

At  angles  lower than -5. 0",  the heating r a t e s  become too low to cause  
significant sublimation. 
1 3 4  Btu/ft2-sec,  the integrated heating is 8710 Btu/ft2, and the amount of 
graphite oxidized i s  l e s s  than 0. 0047 in. f o r  the first pass.  However, the 
number  of o rb i t s  i n c r e a s e s  sharply for  lower angles until a c r i t i ca l  angle is 
achieved where,  fo r  prac t ica l  purposes ,  the hea ter  never re turns .  
H. R. Spahr at Sandia has  es t imated (for a similar body) a lifetime of about 
65  o rb i t s  f o r  an  init ial  reen t ry  angle of approximately -4". The method of 
calculation was probably conservative,  depending on the relat ive position of 
the moon at the par t icu lar  time. 
the o rb i t  becomes m o r e  c i r cu la r  and the body l ingers  longer i n  the a tmos-  
phere.  
an average  ablation depth of 1. 5 t i m e s  the depth ablated on the first pas s ,  
and taking 6 5  o rb i t s  at -4. 0" ,  the total  depth of graphite ablated is about 
0. 45 in. 
i s  approximately -3 .  0". 

F o r  example,  the peak heating r a t e  a t  -4. 0"  is about 

Although velocity d e c r e a s e s  with each orbit ,  

Ablation is l ikely to inc rease  somewhat with each orbit. Assuming 

This  should be c lose  to the wors t  c a s e  since the angle of no r e tu rn  

Calculations w e r e  a l so  made  fo r  a l te rna te  A, the cubic design with the 
lowest  heating, f o r  a -5. 2" lunar  re turn  t ra jectory.  
and 50-W heater  a r e  shown in table 13. 

Resul ts  for  both the 10- 

TABLE 13 

ALTERNATE A DESIGN REENTRY QUANTITIES FOR -5.2" LUNAR RETURN 

Flight T-111 max Peak  heat-  T ime to Integrated Time to Graphite 
orient.  temp ing r a t e  peak heat-  heating impact  ablated 

(OF) (Btu/ftz-sec) ing ( sec )  (Btu/ft2) ( sec)  (in. ) 

50 W random 2226 504 * 90 68 600 566 0.11 * 
10 W random - - - -  505 * 90 49 800 538 0. 09 * 
* At stagnation point 

Note the significantly lower heating and amount of graphite ablation for  
this  design compared with the r e su l t s  in figure 25 for  the re ference  design. 
The cubic ablator  does not general ly  sublimate at the stagnation point, 
although a small amount of sublimation will occur  at the edges. 
of sublimation is  not enough to a l t e r  the bas ic  shape. 
appea r s  to offer a g rea t e r  advantage a t  these seve re  conditions than i t  does 
in  e a r t h  orb i ta l  decay, assuming that  the outer  ablator  material i s  graphite 
o r  a m a t e r i a l  with a high heat  of ablation where  the bas ic  cubic shape' r ema ins  
unchanged. 

The amount 
The cubic ablator  

T h e r m a l  response: The previously computed t ra jec tory  and heating 
p a r a m e t e r s  were  used as inputs to the hea t  t r ans fe r  and ablation p r o g r a m s  
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to determine the the rma l  response  in var ious regions of the capsule during 
reentry.  These time-dependent p a r a m e t e r s  included velocity, stagnation 
enthalpy, cold-wall heat  flux, and oxygen flux to the surface.  In addition, 
the t ime-to- impact  and impact  velocity w e r e  determined. 

These  p a r a m e t e r s  se rved  as inputs to the TAP-3 and STAB-2 codes for  
subliming and char r ing  ablator s, respectively. The complete nodal sys t ems  
used  in the models  for  the various flight orientations a r e  given in appendix D. 

F o r  seve ra l  re fe rence  hea ter  t ra jec tor ies  and flight orientations,  the 
t e m p e r a t u r e s  obtained for  (1) the  ablator surface,  ( 2 )  the T-111 layer ,  and 
( 3 )  the fuel cen ter  a r e  presented in f igures  26 through 31 as functions of t ime. 
F o r  the side-on, nonspinning, and end-on flight orientations,  these points 
were  chosen”a t  stagnation point of the capsule to ref lect  the maximum temper-  
a tu re s  reached in each  layer  of the mult i layered capsules.  

The c r i t i ca l  T-111 peak tempera tures  for  all c a s e s  analyzed appear  in 
tables  11 and 12. Because of the l a rge  number of combinations of fuel and 
fuel form,  capsule geometry,  capsule power level, type of ablator,  t ra jectory,  
and flight orientation pa rame te r s ,  the total number of possible reent ry  cases  
i s  s eve ra l  hundred. 
c r i t i ca l  c a s e s  were  analyzed. 

Only those situations which r ep resen t  e i ther  w o r s t  o r  
The resu l t s  a r e  shown in tables 11 and 12. 
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In addition to the resu l t s  for  the reference design, thermal  response cal-  
The r e -  culations were  per formed for  the cubic ablator (a l te rna te  A) design. 

sul ts  a re  presented in table 14. 
heating on the sur face  for  a random tumbling mode and using a one-dimensional 
spher ica l  TAP-3 model. Although local  heating effects will occur  at the cube 
edges,  uniform tempera tures  inside the insulation appears  to be  a reasonable  
assumption in view of anisotropic thermal  conduction charac te r i s t ics  of pyro-  
lytic graphite. 
a s sumed  for  the cubic shape in a tumbling mode. 

Calculations w e r e  made assuming uniform 

An average-  to-stagnation-point heating factor  of 0. 30 was 

TABLE 14 
TEMPERATURE RESULTS FOR ALTERNATE DESIGNS 

P e a k  average Peak  T-111 
De sign Tra jec tory  0 rientatio n sur face  temp ( O F )  t emp ( O F )  

50-W cu. E a r t h  orbi ta l  Random tum- 2700 2058 
(alt. A) decay bling 

50-W cu. -5. 2" lunar  Random tum- 2226 3556 
(alt. A) r e tu rn  b lin g 
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Therma l  s t r e s s :  A the rma l  s t r e s s  analysis  of the 50-W, side-on, non- 
spinning ea r th  orbi ta l  reent ry  c a s e  indicated low stress levels. 
t he rma l  gradients occur  fo r  a -90" lunar  re turn  t ra jectory.  
t empera ture  r i s e s  quickly to 6000°F while the internal  tempera ture  i s  approx- 
imately 1 0 0 0 ° F .  A difierence of s eve ra l  thousand degrees  exists f r o m  front  
face to back if no rotation occurs .  
a c r o s s  the 1/4-in.  -thick POCO layer  was found to be about 2 0 0 0 ° F  while the 
maximum gradient  a c r o s s  the insulating pyrolytic graphite was 3000 O F .  De- 
tailed thermal  stress analyses  should be per formed for  this c r i t i ca l  condition 
when m o r e  accura te  tempera ture  profiles become available during phase I1 
of the program. 

Maximum 
The sur face  

The highest  t empera ture  differential 

The dynamic p r e s s u r e  fo rces  a r e  a l so  grea tes t  at -90" lunar return.  As 
the capsule  r een te r s  the dense atmosphere,  decelerat ions up to 363 g ' s  a re  
encountered. This occurs  jus t  af ter  peak heating. The stagnation enthalpy, 
which i s  about 26 000  Btu/lb at high alt i tudes during the lunar  re turn  t ra jec t -  
ory,  averages  about 10 000 Btu/lb at the t ime of peak stagnation p res su re .  

T e s t  information regarding the capability of POCO graphite to withstand 
i f  not con- mechanical  fa i lure  o r  erosion at these  conditions is encouraging 

clusive. POCO graphite was  developed to provide outstanding thermal  s t r e s s  
charac te r i s t ics  and mechanical  propert ies .  
nose cone candidate m a t e r i a l  under ex t r eme  reent ry  conditions in the RESEP 
(ref .34)  p rogram conducted by MDAC. 
ditions exceeded those for  - 9 0 "  lunar re turn,  Ablation r a t e s  of the POCO 
specimens compared closely with those for  thermochemical  ablation alone 
at conditions of interest .  
of the t e s t  conditions. 
t h e r m a l  s t r e s s  with that occurr ing in flight. 

It was  extensively tes ted as a 

The range of aerodynamic tes t  con- 

The rma l  s t r e s s  fa i lure  was  never  observed at any 
Detailed analysis  i s  required to compare  the test 

Alternate ablators :  The analysis presented above delineates the capability 
of the 1 /2- in. -thick POCO-pyrolytic graphite ablator / insulator  design to  with- 
stand heating and ablation during reentry.  The ablator shape has  a significant 
bearing on aerodynamic heating and, therefore ,  on internal  tempera tures .  The 
block ablator (cubic o r  rectangular-faced) resu l t s  in the lowest heating and 
tempera tures ,  par t icu lar ly  in the c r i t i ca l  a r e a  of shallow-angle lunar re turn.  

The flat-ended cylinder design resu l t s  in tolerable internal  tempera tures  
and graphite ablation depths for  all reent ry  t ra jec tor ies  with the possible 
exception of lunar re turn  at angles l e s s  than about - 6 " .  
the ablation depth could be as g rea t  as 0.45 in . ,  but only for  a ve ry  narrow 
range of c r i t i ca l  angles and only f o r  nonspinning side-on orientation. This 
means that the POCO graphite could conceivably be completely s t r ipped away 
and, assuming that the pyrolytic graphite layer  is mechanically strong enough 
s o  that no spalling occurs ,  only 0. 050 in. of pyrolytic graphite would remain.  
Obviously, internal  tempera tures  for  this  case  would be prohibitive. The 
cylindrical  ablator design, therefore ,  mee t s  safety needs fo r  protection f r o m  
reent ry  heating fo r  the g rea t  number of missions involving e a r t h  orbi ta l  reent ry  
and fo r  lunar missions where r e tu rn  t ra jec tor ies  preclude angles less than 
about -6". 

In the c r i t i ca l  a r ea ,  

Additional ablator requirements  a re  needed fo r  missions where the 
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c r i t i ca l  a r e a  cannot be precluded. 
requirements  since this would unnecessar i ly  penalize the majori ty  of applica- 
tions involving only e a r t h  orbi ta l  re turn .  

The design was not changed to include these 

On the other hand, analysis  indicates that  design al ternate  A (cubic ablator)  
meets  a l l  r een t ry  protection requirements ,  even at  c r i t i ca l  angle conditions. 
The re  a r e  two main reasons fo r  this :  
appreciable graphite sublimation occurs ,  and ( 2 )  graphite removed by oxida- 
tion comes p r imar i ly  f r o m  the edges where the thickness i s  g rea tes t .  
analysis  a t  the c r i t i ca l  lunar re turn  angles is recommended fo r  this design. 

(1)  Reentry heating is s o  low that no 

F u r t h e r  

It is c l e a r  f r o m  the resu l t s  presented in this  repor t  that, where possible,  
shapes such a s  spher ica l  and rounded ends for  cylinders should be avoided in 
o r d e r  to reduce aerodynamic heating and impact velocity. 

The graphite ma te r i a l s  were found to exceed the performance of a l ternate  
ablator ma te r i a l s  such a s  Teflon, g lassy  ma te r i a l s  such a s  quartz,  and char r ing  
ablators .  
re fe rence  capsule on lunar  r e tu rn  at  6-1/4 '  was calculated to be about 2 i n ,  
The resul t  for  quar tz  was about 1 - 1 / 2  in. 
weight penalty. 

The Teflon ablator thickness which would be required for  the 50-W 

These thicknesses  resu l t  in a severe  

As expected, only charr ing-ablator  composites composed most ly  of 
graphite o r  carbon were  found to have heats of ablation on a level of that fo r  
pure graphite.  In par t icu lar ,  Narmco 4047 was analyzed and compared. This 
phenolic graphite ma te r i a l  has  a low density (74 lb/ft3 compared with 127. 5 lb/  
f t 3  f o r  POCO) and a heat of ablation equivalent to graphite.  The plastic pyro- 
lyzes a t  intermediate  tempera tures ,  thereby reducing incoming heat and 
leaving a low density of carbonaceous char .  

Narmco 4047 was found to compare well with POCO for  reent ry  t rans ien ts  
with long soak per iods.  This is shown in table 11 where the amounts of abla- 
t ion a r e  s imi l a r  and the backface tempera ture  fo r  the charr ing ablator  i s  
s eve ra l  hundred degrees  l e s s .  Aside f rom questions of mater ia l  degradation, 
there  remains  the question of whether the low-density graphite char  can with- 
stand the dynamic p r e s s u r e  loading and the rma l  s t r e s s e s  of steep-angle 
r e  e nt ry  . 

Struc tura l  Analysis 

P r e s s u r e  v e s s e l  analysis.  - A limit which is imposed on the capsule 
design i s  the requirement  that  the T-  11 1 s t ruc ture  contain the internal  helium 
buildvup f r o m  plutonium fuels fo r  a 20-year orbi ta l  life. 
designs were  analyzed to ensu re  that this requirement  was satisfied.  The 
T-111 p r e s s u r e  ves se l  walls were considered to  be 0. 1 2 0  in.  thick for  the 
50-W hea ters  and 0. 060 in. thick fo r  the 10-W hea ters ,  in  the shape of a c i r -  
cular  cylinder with semiel l ipsoidal  heads.  
s t rength of the platinum oxidation b a r r i e r ;  and a conservative assumption of 
100% re lease  of helium f rom the fuel was made. Longtime T-111 creep  was 
not analyzed because the capsules a r e  a t  maximum tempera ture  for  only a 

The re ference  capsule 

No  credi t  was taken fo r  the 
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few minutes during reent ry ,  
where significant p r e s s u r e  s t r e s s  occurs .  

Reentry a f t e r  20-year orbi ta l  life: 

Reentry and e a r t h  burial  a r e  the only conditions 

a .  The amount of helium generated is 
solely dependent on the amount of 238Pu undergoing t ransmutat ions.  
the amount of helium re leased  f r o m  the in te rs t i t i a l  volumes of the fuel is a 
complex p rocess  dependent on tempera ture ,  p r e s s u r e  his tory,  and fuel fo rm.  
F o r  the design case  where 100% of the helium i s  re leased,  the ideal  gas  equa- 
t ion may be combined with the express ion  for  radioactive decay to determine 
the p r e s s u r e  within the T-111 s t ruc ture ,  20 yea r s  a f te r  encapsulation, a s  a 
function of the absolute tempera ture  of the gas  and of the void-to-fuel-volume 
ra t io  of the capsule.  The gas tempera ture  w a s  conservatively taken to  be equal 
to the T-111 tempera ture .  

However, 

The s t r e s s e s  were computed for  a right c i r cu la r  cylinder having semi-  
The discontinuity s t r e  s s e  s a t  cylinde r-el l ip  soid junctions ell ipsoidal ends. 

were  included i n  the analysis  ( re f .  2 5  ). 

Severa l  methods of predicting fa i lures  i n  ma te r i a l s  a r e  amenable to hand 
calculations, notably the maximum s t r e s s  theory,  maximum s t r a in  theory,  
and Von M i s e s '  theory.  
agreement  with experimental  resu l t s  for  ductile ma te r i a l s  such a s  T- 11 1 
( r e f s .  2 6 ,  27, and 29). This method predicts  yielding if 

Of these,  Von Mises '  theory gives perhaps the best  

where the u i  a r e  pr incipal  s t r e s s e s  and CT 
tension. The quantity, CT , i s  temperature-dependent--  strongly so a t  higher 
t empera tu res .  Values oY Uy/ Fe were  computed f o r  s eve ra l  capsules and 
flight orientations f o r  the ea r th  orb i ta l  decay t ra jec tory ,  which produces the 
highest T- 11 1 tempera ture  during the heating t ransient .  

is the yield s t rength in  s imple Y 

Table 15 presents  flight orientation, peak tempera tures ,  corresponding 
p r e s s u r e s  within the T-111 s t ruc tu ra l  shell ,  and the quotient IJ / Fey which 
i s  a type of safety factor .  The resu l t s  indicate that, within the accuracy  of 
the Von Mises '  yield theory,  t he re  should be no difficulty caused by helium 
p r e s s u r e  buildup fo r  the T- 11 1 thicknesses  selected in  the re ference  designs,  
although the P U G -  10-3 T- 11 1 s t ruc tu re  may undergo some yielding if i t  
r een te r s  in  the side-on spinning mode. 

Y 

b. Ea r th  burial  t empera tu re  and p res su re :  Helium containment after 
e a r t h  impact i s  a l so  of concern since safety c r i t e r i a  dictate a containment 
per iod of 10 half-lives. Soil bur ia l  may produce capsule heat significantly 
above normal  operating t empera tu res  and thereby lead to  increased  helium 
p r e  s sure .  

Capsule sur face  t empera tu res  fo r  soi l  bur ia l  were  determined fo r  a 
cylindrical ,  s ta t ionary (non- self-burying) capsule in  a homogeneous, infinite 
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TABLE 15 

SUMMARY OF PRESSURE VESSEL ANALYSIS 
RESULTS FOR REENTRY 

Heater  Flight Ratio T-111 
designation orientation void/ tempera ture  P r e s s u r e  0- / re 

fuel ( O F )  ( p s i )  Y 

PUC- 10-3 Side - on 1. 065 2150 8 178 0. 96 

PUC- 10-4 Side - on 2.01 2150 4333 1. 54 

P U G -  50-3 End- on 1. 04 20 58 8079 1. 26 

P U G -  50-4 Side - on 1. 82 2111 47 14 1. 76 

spinning 

s p inning 

medium (depth below soi l  surface g rea t e r  than about 10 capsule d iameters ) .  
Soil t he rma l  conductivities ranging f r o m  0. 22 to 0.  24 Btu/hr-f t -  O F  we re  used, 
based on unpublished data f rom J. B. Boyd, Sandia. These values a r e  lower 
than the the rma l  conductivity of approximately 7070 of the e a r t h ' s  land surface.  
The equation relating capsule heat generation and capsule surface tempera ture  
f o r  soi l  bur ia l  i s :  

Qln ( n  t dl 4- nL) 
2nKsL 

T =  
S 

( r e f .  29)  

where Ts  = capsule sur face  tempera ture  above so i l  t empera ture  ( O F )  

Q = capsule power ( B t u l h r )  
n = capsule length/diameter  ra t io  
K, = soi l  t he rma l  conductivity (Btu/hr-f t -  O F )  

L = capsule length ( f t )  

Burial  t empera tures  above soi l  ambient fo r  10- and 50-W capsules,  with 
and without ab la tors ,  a r e  shown i n  table 16 for  the promethia  cermet ,  plu- 
tonia cermet ,  and plutonia b a r e  microsphere  fuel forms ,  a t  the power levels 
at which maximum tempera tures  a r e  produced. 

The highest  bu r i a l  t empera ture  would occur  fo r  a heater  with ablator  and 
insulator  removed. Assuming this condition, maximum p r e s  s u r e  during 
bur ia l  may be determined by differentiation of the p re s su re - t ime  relationship.  
The result ing maximum p r e s s u r e  f o r  the PUC-50-3 hea ter  was found to  be 
11 909 ps i  and the T-111 tempera ture  a t  that  time was 174°F. Since the 
T- 11 1 s t rength  is quite high at such a low tempera ture ,  the value of the safety 
factor ,  uy/ re, was higher than during reentry:  1 .90 vs  1. 26. 

As in  reentry,  no c red i t  was taken for  helium retention by the fuel. 
While data  for  th i s  phenomenon a r e  uncertain,  i t  is quite possible that, a t  
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TABLE 16 

Capsule sur face  t empera tu re  
above soi l  ambient ( O F )  

Fue l  fo rm level ( W )  With ablator Without ablator  
Nominal power 

Prometh ia  c e r m e t  10 144 2 57 

50 477 7 24 

Plutonia c e r m e t  10 13 8 26 3 

50 46 0 7 29 

Plutonia ba re  microspheres  10 140 27 1 

50 473 76 2 

SOIL BURIAL TEMPERATURES 

t empera tu res  experienced during burial ,  a significant portion of the helium 
would be retained in the fuel. 

Impact.  - Analytical methods for  determining ma te r i a l  fa i lure  due to  
impact loading a r e  not sufficiently developed to guarantee safety. 
DWDL has a continuing Independent Research  and Development p rogram for  
impact  testing of simulated design configurations. 

Therefore ,  

The most  recent  t e s t  specimens simulated 10- and 50-W hea ters .  Tes t s  
showed that  T-111 i n  the 10-W reference  design configuration (no platinum o r  
graphi te  p re sen t )  can withstand impact against  grani te  a t  420 f t l s e c .  

The major i ty  of the specimens showed major  deformation a f te r  impact,  
Subsequent helium leak but appeared to provide complete fuel containment, 

measurements  showed, however, that in many cases ,  sma l l  c racks  were 
present  in the T-  11 1 shell .  
on the outer  surface and in te rgranular  attack on the T-111 by the fuel simulant 
on the inside surface a t  the co rne r s  where maximum s t r e s s  occurs .  Sub- 
sequent impact t e s t s  will use  a fuel simulant more  near ly  representat ive of 
the radioisotope fuel. 

These were caused by a combination of oxidation 

The design used in the t e s t  specimens allowed a weld penetration of 2/3 
of the T-  11 1 s t ruc tu ra l  she l l  and resul ted in increased  deformation of the 
she l l  in the impact a r e a .  
penetration and, thus, reduce shel l  deformation. 

The weld a r e a  was redesigned to  give g rea t e r  

Photographs,  impact t e s t  conditions, and resu l t s  a r e  included in 
appendix E. 

Ocean bur ia l  considerations.  - Calculations fo r  a cylindrical  container 
indicate that  fo r  burial  at a depth of 17 000 f t ,  the value fo r  the measure  of 
safety, (r/ G-,, i s  2.61 for  the PMC-50-2 capsule and 2.27 fo r  the PMC-10-2 
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capsule.  
f loor .  
Because of inner s t ruc ture  support, no buckling i s  expected. 

The 17 000-f t  depth exceeds that  of approximately 85% of the ocean 
Note that the safety factor  i s  based on s t ruc tu ra l  ves se l  yield strength.  

The hea ter  w i l l  meet  the ocean depth s ta t ic  ove rp res su re  c r i te r ion  of 

spher ica l  dispers ion,  the depth a t  which a point re lease  w i l l  produce 10-2 
MPC at  the surface is 11 500 f t  f o r  238Pu and 5200 f t  fo r  147Pm ( see  discus-  
sion under Ocean Water Contamination in t h i s  report). 

MPC at  the ocean surface.  Assuming no ver t ica l  mixing l imit  and hemi- 

Ocean bur ia l  t empera tu res  were calculated based on natural  convection 
f r o m  a cyl indrical  capsule in a horizontal  orientation. 
pe ra tu re s  would be l e s s  than 5 ° F  above ocean ambient tempera tures  fo r  a l l  
heate r designs . 

Capsule surface tem-  

Oxidation and s e a  water  corrosion.  - Although 0. 020-in. -thick platinum 
had been tentatively selected for  an oxidation- and corrosion-  res i s tan t  clad- 
ding, investigation of other ma te r i a l s  was undertaken. A l i te ra ture  s e a r c h  
was conducted fo r  data indicating the behavior of s eve ra l  candidate mater ia l s  
in the following environments;  
and so i l  a t  1 0 0 "  to 1500°F. The ma te r i a l s  included nickel, cobalt, Hastelloy 
C y  Hastelloy X, Haynes 25, T-111, and Pt. 

s e a  water  a t  t empera tu res  of 80" to 2 0 0 ° F  

Published data were found to  d isagree  by o r d e r s  of magnitude. However, 
a summary  is presented  in table 17 of representat ive oxidation and sea  water 
cor ros ion  r a t e s  in  m i l s / y e a r  f o r  the different ma te r i a l s  a t  var ious tempera-  
t u r e s  ( r e f s .  30 through 43). 
main cor ros ion  mechanism when capsules a r e  buried in common soi ls  ( re f .  30). 

It i s  general ly  assumed that oxidation i s  the 

The l ist ings in table 17 confirm the selection of platinum. Nickel and 
cobalt apparently will not meet  the sea  water  and soi l  cor ros ion  requirements  
associated with 10-half-life fuel containment. 
C, Hastelloy X, and Haynes 2 5  a r e  in the neighborhood of 2300" to 2 5 0 0 " F ,  
which is only sl ightly above the t empera tu res  reached during reentry.  
num and T- 11 1 have melting points well  above the maximum tempera tures  
expected during reentry.  
res i s tance  to sea  water  cor ros ion  and oxidation a t  moderate tempera tures .  

The melting points of Hastelloy 

Plat i -  

The T- 11 1 s t ruc tu ra l  container a l so  has excellent 

Shielding and Dose Rate Analysis 

Dose r a t e s  a t  1 meter  f r o m  the P u  and P m  hea ters  were  calculated con- 
s ider ing hea ter  power, shield mater ia l ,  and shield thickness a s  pa rame te r s .  
Per t inent  resu l t s  a r e  presented i n  f igures  32 through 3 5. 

238Pu heater  dose r a t e s .  - The re ference  design 10- and 50-W Pu-fueled 
hea ters  will  produce 0 . 6  and 2. 8 m r e m / h r  ( respect ively)  a t  beginning of life 
a t  1 m e t e r  f r o m  source  center .  
age to 0 .7  and 3 .3  m r e m / h r  6 yea r s  a f te r  encapsulation. These resu l t s  and 
the relationships between hea ter  power, shield ma te r i a l  thickness,  capsule 
age, and radioisotope purity a r e  shown in figure 32. 

This dose r a t e  will increase  slightly with 
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TABLE 17 

MATERIAL OXIDATION AND SEA WATER CORROSION RATES 

Mater ia l  Oxidation (m/yr )  Sea  water  cor ros ion  (m/y r )  Temp(OF 

Pla t inum <o. 001 - -  1200 

- -  0. 001 -0. 005 r oom 

Nickel negligible - -  1470 

- -  0. 5 - 1 (bad pitting also)  room 

Cobalt 0. 6 - -  750 

- -  0. 18 (disti l led water)  77 

Hastelloy C -0 .1  - -  up to 800 
up  to 400 

Hastelloy X -0 .1  - -  up to 800 

- -  < O .  05 up to 400 

- -  < 0. 05 

- -  0. 09 (steam) 1022 

Haynes 25 -0 .1  - -  up to 800 

- -  <O. 0035 up to 400 

T-111 <O.  035 - -  536 

- -  - 0. 001-0. 005 r o o m  

External  dose rate  f r o m  238Pu hea ters  consis ts  of neutron and gamma 
r a y  contributions. 
f r o m  (CY, T) react ions with li ht e lement  contaminants (if present ) .  Gamma 

other  P u  isotopes. At beginning of life, the pr incipal  a m m a  ray  source is 

become dominant. 236Pu is initially p re sen t  at 1 ppm. 

Neutrons come f r o m  spontaneous f iss ion of 238Pu and 

r ays  come f r o m  decay of 23 8 Pu and f r o m  decay of the daughter products of 

238Pu, while after seve ra l  years ,  decay products of 2 !? 6Pu (principally 208T1) 

Neutron dose r a t e s  a r e  based on neutron emiss ions  of 3 x l o 4  and 
2. 2 x 103 n / ~ e c / g m - ~ ~ ~ P u  respectively (refs. 44 and 45) for  s tandard and 
purified 238Pu02. 
contaminants and preparat ion of PuO2 with enriched OI6. 
life gamma dose is shown added t o  the s tandard Pu02  neutron dose to  give 
total  beginning-of-life dose r a t e s  between 0 .6  and 2. 7 m r e m / h r  fo r  10- t o  
50-W capsules containing 0. 120 in. of T-111. 
T-  11 1 and superalloy capsules are shown. Note that  the use of superalloy 
shielding is  permiss ib le  for  Pu. 

Purification of Pu02 as sumes  removal  of a l l  light-element 
The beginning-of- 

End-of-life dose rates for  both 

147Pm hea ter  dose rates. - The reference 10- and 50-W Pm-fueled 
hea ters  will have ex terna l  dose rates of 3 and 5 m r e m / h r  ( respect ively)  at 
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1 meter .  
thickness for  the 50-W capsule. 
in. T-111 thickness for  the 10-W capsule.  

The design c r i te r ion  of 5 m r e m / h r  at 1 m e t e r  was used t o  s ize  the 
Other design c r i t e r i a  established the 0. 060- 

Capsule dose r a t e  as a function of hea te r  power for  capsules containing 
0. 060 and 0. 120 in. ( total)  of cladding i s  shown in figure 33; 0. 060 to  0. 120 in. 
of T- 11 1 o r  other  heavy meta l  (depending on hea ter  power) will shield to the 
design c r i t e r i a ,  However, note that  0. 120 in.  of superalloy is g ross ly  insuf- 
ficient. Thus, use  of a superal loy fo r  s t ruc tu ra l  radioisotope containment 
would necessitate use  of an auxi l iary heavy meta l  shield o r  a substantial  
i nc rease  in  the wall  thickness.  Both a r e  undesirable  design modifications. 

147Pm hea te r s  will have an ex terna l  dose ra te  consisting of b remss t r ah -  
lun and gamma rays .  
l4+Pm beta decay. Gamma rays  (0 .45  and 0. 75 MeV) come f r o m  the 146Pm 
contaminant which is p re sen t  at approximately 0. 25  ppm. Bremsstrahlung is 
relatively e a s y  to  shield;  consequently, the shield curve for  P m  has the 
charac te r i s t ic  shapes shown i n  f igures  34 and 35. 

Bremsstrahlung (0.06 to 0. 1 5  MeV) i s  produced by 

The f i r s t  l aye r s  of shield ma te r i a l  d ras t ica l ly  reduce the ex terna l  dose 
ra te  by shielding the low-energy b r e m s s t r  hlung. 
controlled by passage of higher-energy I4'Pm gamma rays  which a r e  more  
difficult to shield. Comparing f igure 34 to figure 35, the bremsstrahlung is 
much more  sensit ive to heavy meta l  shielding. 
dense T-111 fo r  the s t ruc ture  ma te r i a l  is c lear .  

The dose ra te  is then 

The incentive to use the more  

Gamma ray  and neutron spec t r a  f rom the 10- and 50-W P m  and Pu hea ters  
a t  1 me te r  were calculated and a r e  given in  appendix F. Gamma ray  analysis 
fo r  both fuels was per formed with the computer p rogram ISOSHLD ( re f .  46). 
The neutron dose contribution f r o m  plutonia was hand- calculated based on fas t  
neutron t i s sue  dose response and point source geometry.  

Accident and Fa i lure  Analysis 

Cr i t i ca l  and secondary fai lure  modes were identified e a r l i e r  in  th i s  
repor t .  Each was analyzed to the extent consistent with the phase I effort .  

Launch pad explosion and f i r e .  - A cr i t ica l  design condition resu l t s  f r o m  

The capsule may be subjected to any combina- 
a n  abor t  consisting of launch vehicle destruct ion and total  consumption of the 
rocket  fuel on the launch pad. 
t ion of tempera ture ,  cor ros ive  environment, blast  p re s su re ,  and debr i s  
associated with the pad abor t  f i r eba l l  and residual  f i re .  

F o u r  launch vehicles identified in the applications study a s  pr ime candi- 
dates  f o r  manned missions using radioisotope hea ters  a r e :  (1)  Intermediate 
20 (S-IC and S-IVB stages) ,  ( 2 )  Intermediate 21 (S-IC and S-I1 s tages) ,  
( 3 )  Saturn lB,  and (4) Titan I I IM.  

Intermediates  20 and 21 a r e  two-stage e a r t h  orbi ta l  vers ions of the 
Saturn V where e i the r  the S-I1 o r  S-IVB stage is removed. 
Saturn V lunar  launch vehicle is made up of t h ree  booster s tages ,  the lunar 

The complete 
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excursion module (LEM),  and the command module (Apollo spacecraf t ) .  The 
three  booster s tages  a r e :  

Stage 

s - IC 
s-I1 
S-IVB 

Propel lant  ProDellant weight ( lb )  

4 555 000 
970 280 
234 000 

The Sa turn  1 B  vehicle consis ts  of a 1B f i r s t  stage and a n  S-IVB second 
stage.  The first stage contains about 200 000 lb of L O z / R P  fuel,  

The Titan 111 M vehicle contains about 200 000 lb of liquid fuel, N204/  
N2Hq-UDMH, and 1 000 000 lb of solid fuel, NHqClq/PBA. 

The rma l  environment:  The the rma l  environment for  the var ious launch 
vehicles i s  p resented  in figure 36. 

The Saturn V, the Intermediates  (combination of vehicle s tages) ,  the 
Saturn lB,  and the f i r s t  2. 5 s e c  of the Titan 111 M abor t  t he rma l  profiles a r e  
based on Kite and B a d e r ' s  model ( re f .  4 7 )  adjusted f o r  the fuel-load charac-  
t e r i s t i c s  of each  vehicle. 
and burns ( r e f .  48) a t  roughly the rate  and tempera ture  associated with the 

The Titan fue l  mixture  (N202/N2H2-UDMH) reac t s  
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LOZ/RP,  LH2 fuels of the Saturn vehicles,  
between 2. 5 and 1 0  s ec  i s  charac te r i s t ic  of the burning tempera ture  of the 
solid fuels a t  the ove rp res su res  associated with the f i rebal l .  * 
ual  f i re  i s  due to remaining solid fuel burning a t  a tmospheric  p r e s s u r e .  
t he rma l  profiles a r e  used  under  the assumption of radiative heating with 
f i rebal l  emiss iv i ty  of unity. Convection and conduction a r e  conside red 
negligible. 

The Titan 3 0 0 0 ° F  heat pulse 

Resid- 
The 

A limited amount of experimental  data i s  now available on the burning 
tempera ture  of Titan I11 M solid fuel. *:$ A t  the t ime of this writ ing,  Isotopes,  
Inc. has ju s t  completed a t e s t  s e r i e s  involving burning samples  of Titan111 
M (UTC-3001) and Scout (Algol IIB) solid fuels.  Various isotope capsule t e s t  
samples  w e r e  subjected to the fuel f i r e s .  

Isotopes, Inc. pyrometer  t e s t s  indicate burning fuel surface t empera tu res  
of 3350°F; a ca lor imeter  i n  contact with fuel indicates approximately 50 Btu/ 
f t 2  s e c  heat f l u x ;  a ca lor imeter  i n  proximity (not touching) between two blocks 
indicates 7 5  Btu/ftZ s e c  heat flux. 
radiative tempera ture  with E = 1, 3180°F tempera ture  i s  obtained confirming 
the model of f igure 36. However, t rue  emiss iv i ty  is be t te r  given a s  E = 0 . 4  
(a lumina)  corresponding to  4000°F. The tes t  a l so  indicated burning t imes  of 
s e v e r a l  minutes,  depending on block s ize .  SANDIA i s  cur ren t ly  extending 
the work of Isotopes,Inc. i n  an attempt to define a worst-case solid fuels 
f i r e  tes t .  

Converting the proximity heat  flux to 

The combination of actual f i r e  tempera ture  and duration could invalidate 
the model used. 
t he rma l  mode 1. 

Thus, the phase I1 effort  will  es tabl ish a new Titan I11 M 

More  important than f i r e  tempera ture  a r e  the resu l t s  of the tes t s  involv- 
It was observed that  graphite will  protect  the capsule providing ing capsules.  

the substrate  doesn ' t  melt .  In this  regard ,  the graphite-protected r e f r ac to ry /  
platinum capsules  were  gene ral ly  intact. Ref ractory/plat inum capsules 
without graphite contained the bulk of fuel mater ia l ,  but showed slight c racks .  
Superalloy capsules with graphite typically melted within the graphite shel l  
(providing the graphite remained intact);  superalloy capsules without graphite 
protection disappeared. 

The graphite was observed to be immediately coated with molten alumina 
( f r o m  the fuel). The graphite survives  because of i ts  high melting point, and 
is totally protected f r o m  oxidation. 
t ion appears  to be a design employing a mechanically res i l ient  graphite outer  
s t ruc tu re  . 

A prac t ica l  solution fo r  this f i r e  condi- 

The wors t  launch-abort  t he rma l  environment cur ren t ly  identified is that 
produced by var ious combinations of the Saturn V s tages  ( f ig .  36). Thus, the 

::<Personal Communication, D r .  E. W alden, United Technology 
$:kPersonal Communication, Nelson Rose, Isotopes, Inc. and Dr.  R. D. 
Ha r d ee  , Sandia Lab0 r a  to r ie s 
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re ference  capsules were  subjected to  a time-dependent t he rma l  analysis using 
the Saturn V t ime- tempera ture  environment.  

F igure  37 shows the t rans ien t  tern e r a t u r e  response of the platinum 
oxidation l aye r  of the 10- and 50-W 14f)Prn ce rme t  capsules .  C a s e s  a r e  
shown for  the 50- and 10-W capsules  respectively,  assuming the ablator  
(emiss iv i ty  = 0 .  8)  intact. Tempera tu res  in the 50-W capsule r i s e  more  
slowly because of the higher total  heat capacity. Cases  a r e  a l so  shown fo r  
the 10-W capsule with ablator  removed by b las t  debris .  The surface emis -  
s ivi t ies  considered were  0. 2 and 0. 5; 0. 2 r ep resen t s  the highest measured  
emiss iv i ty  for  s t r ip  platinum, while 0. 5 i s  a conservative es t imate  of the 
maximum emiss iv i ty  of the platinum sur face  a f te r  removal  of the ablator.  
Actual sur face  t empera tu res  will fall somewhere in between. However, the 
maximum tempera ture  f o r  the wors t  ca se  is conservatively 4 5 0 ° F  lower than 
the melting point of platinum. 

Blast  debr i s  environment:  The only detailed launch pad debr i s  study to 
date has been per formed fo r  the SNAP 27 Radioisotope Thermoelec t r ic  
Genera tor  (RTG) {ref .  49) .  
velocity distribution model which is current ly  being used  a s  a guide for  impact 

This study has  resul ted in  a f ragment  s ize  and 
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testing. 
to  the following assumptions: 

The model has  been general ized to other  launch vehicles according 

1. The capsule is located 3 5  f t  f r o m  source of project i les .  

2. Per t inent  project i les  come f r o m  the top dome of the launch stage 
c loses t  to  the capsules ( for  the Sa turn  V, this i s  the S-IVB stage) .  

3 .  The fragments  a r e  O0060-in.-thick,type 2014 aluminum plate charac-  
t e r i s t i c  of the S-IVB top dome. 
face-on. 

Capsule impingement occurs  with the debr i s  

4. Debris  production fo r  top stage vehicles other than S-IVB i s  propor-  
t ional to  S-IVB by ra t io  of end a r e a s .  

5. The burs t  pat tern is 2 7r r2  (uniform part ic le  distribution throughout 
a hemisphere) ,  

1 /2 (bulkhead a r e a )  
6 .  Collision probability is 3 

7. 
K E  AC 

Collision energy  available f o r  t r ans fe r  to  the fuel capsule i s  

-t s h e a r  energy  of punchout. 
AF 

where:  

K E  = kinetic energy  of the fragment.  
AC = cross-sec t iona l  a r e a  of the capsule. 
AF = flat-face a r e a  of the fragment .  

This model is shown i n  figure 38 and is intended fo r  correlat ion to cap- 
sule impact t e s t  resul ts .  
of launch vehicles a s  a function of capsule collision probability. 
t ive conclusions can be drawn: 

Available impact energy  i s  shown for  the three types 
A few tenta- 

1. Resul ts  of the impact t e s t  p rog ram indicate that the hea te r s  with 
design improvements  will  reliably survive impact against  granite with impact 
energ ies  t o  about 1 0  000 ft-lb. 
yields, so survival  impact energ ies  probably can be considerably higher.  
This appears  t o  be borne out by cu r ren t  SNAP 27 debr i s  collision t e s t  resu l t s  
and provides  confidence that the capsules  will  survive debr i s  collision. 

The debr i s  i s  aluminum plate which readily 

2. The assumptions a r e  conservative with r ega rd  to capsule distance 
f r o m  debr i s  source and no cred i t  for  s t ruc tu ra l  ma te r i a l  between the capsule 
position and debris  source .  Thus, collision probabili t ies a r e  s m a l l e r  than 
those shown, and must  be evaluated during vehicle integration. 

3 .  Impact testing appears  to be the only prac t ica l  approach to design for  
the debr i s  environment. 
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Figure 38. Launch Pad Debris Model 

It i s  intended to  design and t e s t  f o r  a s tandard impact condition during 

Design details  will be f i rmed subsequent to vehicle integration 
In specific cases  where debr i s  environment is more  seve re  

phase 11. 
protection. 
identification. 
than that evaluated in  phases  11 and 111, special  t e s t s  may be required.  

However, the mounting bracket  design is a n  integral  p a r t  of debr i s  

Overp res su re  environment:  Capsule integrity during external  p r e s s u r e  
loading was examined e a r l i e r  i n  this report .  
will r e s i s t  s ta t ic  ove rp res su re  in excess  of 20 000 psi .  
exceeds any s ta t ic  ove rp res su res  identified in the SNAP 27 design. 
during phase I1 is requi red  to substantiate the dynamic ove rp res su re  response 
and i s  identified fo r  the phase I1 effort. 

It was found that the capsules 
This substantially 

Testing 

The re ference  capsule ma te r i a l s  and configurations were  examined f r o m  
the standpoint of chemical  integrity ( r e f s .  50 and 51). The ma te r i a l s  sys t em 
will provide absolute protection against  the chemical  environment, providing 
the platinum oxidation b a r r i e r  remains  intact. The platinum layer  will under- 
go negligible a t tack f r o m  the chemical  environment. Mechanical damage 
p resen t s  the only potential means  of breaching the platinum; this mus t  be 
evaluated experimental ly  during phase II of the program.  

As previously discussed,  the the rma l  environment will not cause fa i lure  
of the platinum. 
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Fa i lu re  modes.  - The hea ters  have been designed to  sat isfy all safety 
anddesign c r i t e r i a  specified e a r l i e r  in  this report .  
identify potential  fa i lure  modes so  that  the analysis  and testing required in  
phases  I1 and I11 may be identified. 

However, it is useful to  

Ablator fa i lure :  The ablator  and capsule may fai l  because of: 

1. Too little ablator  thickness  o r  nonoptimum mate r i a l  to withstand 
thermochemical  heating and ablation. 

2. Too li t t le insulation to protect  inner capsule ( the rma l  conductivity 
too high o r  thickness too small). 

3 .  Insufficient ablator  mechanical s t rength to withstand combined s teep-  
angle decelerat ion forces  and the rma l  s t r e s s e s .  

4. Accidental removal  of ablator  p r i o r  to reentry.  

Impact fa i lure:  The capsule may fai l  on impact because of: 

1. Velocity too high for  capsule design (capsule  s ize ,  shape, and layer  
thickne s se s ). 

2. Unfavorable angle of impact.  

3 .  Unfavorable t empera tu re  a t  impact.  

4. Unfavorable internal  p r e s s u r e  a t  impact 

5. P a r t i a l  chemical degradation of s t ruc ture .  

6 .  Inappropriate ma te r i a l  for  s t ruc tu ra l  containment considering duc- 
tility, density, mechanical strength,  and manufacture. 

7 .  Potent ia l  weakness due to  welding and fabrication. 

Secondary fa i lure  modes.  - Fa i lu re s  other  than those identified would be 
one o r  a combination of types l i s ted  below: 

1 .  Functional fa i lure  during miss ion  phase:  

a. Shortened containment life due to i r radiat ion.  

b. Shortened containment life due to the rma l  cycling. 

c. Shortened containment life due to  vibration o r  mechanical shocks. 

2. Water impact:  

a. T h e r m a l  s t r e s s e s  on impact of the hot reenter ing capsule with 
the colder water .  

77 



3 .  

4. 

b. 

Ground burial :  

a, 

b. 

Accidents during prelaunch phase: 

a. Vibration o r  mechanical shock. 

b. Chemical  a t tack or  corrosion.  

c. 

Long-term co r ros ion  of the protective oxidationand s t ruc tu ra l  l ayers .  

Rupture f rom internal  p r e s s u r e  due to  excessive tempera tures .  

Corros ion  of the oxidation and s t ruc tu ra l  l iners .  

Melting o r  yield of containment ma te r i a l  due to high t empera tu res  
o r  t he rma l  s t r e s s e s .  

Each case  does not appear  credible based on analysis .  The development 
testing p rogram descr ibed l a t e r  i n  this repor t  is designed to simulate the 
above conditions and uncover any potential weaknesses  in the design. 

Radioisotope heat sources  designed and qualified to r e s i s t  ORNL Class  C 
4 ) t e s t  conditions will r e s i s t  destruct ion by virtually any handling o r  I11 ( r e f .  

t ransportat ion accident,  
h i s tory  of medical  and industr ia l  use  of radioisotope capsules.  

This can be shown by analysis and by reviewing the 

Disposal by nonrecovery i s  en t i re ly  real is t ic .  
( -70%) will have ocean burial .  
water  will  r e s i s t  cor ros ion  fo r  long t ime periods.  
activity a t  any t ime is ve ry  unlikely. 
for  the most  par t ,  in  soft soil, in some c a s e s  par t ia l ly  buried; mos t  will never  
be found intentionally o r  accidentally. Design analysis  shows that  the hea te r s  
will l as t  fo r  long t ime per iods in  a s o i l / a i r  environment and r e l ease  of meas -  
urable  activity a t  any t ime is ve ry  unlikely. 

The majori ty  of hea te rs  

Release of measurable  
Design analysis  shows that  hea t e r s  in s e a  

The remaining hea ters  (30%1) will land, 

Probabi l i s t ic  methods. - A safety analysis  subtask was to develop an  
application of probabilist ic methods for  estimating r i sks  and hazards  of hea te r  
fa i lure .  The method is appropriate  
f o r  a digital computer p rogram which should be wri t ten and applied as pa r t  of 
the phase I1 analysis  effort .  
fault  t r e e  of f igure 3 ,  providing the probabili ty of occur rence  and a n  a s s e s s -  
ment of the hazard  result ing f r o m  fai lure .  Note i n  appendix G that the indi- 
vidual (event) performance models u se  s ta t i s t ica l  deviation of the ma te r i a l s  
proper t ies  and accident environment data.  Related probability models will 
a l so  be incorporated f r o m  the work of Anno and Schoutens (ref. 52). 

This scheme i s  descr ibed  in appendix G. 

The code will follow through the probabilist ic 

Radiological Consequences and Hazards 

Safety problems assoc ia ted  with a radioisotope hea ter  a r e  much l e s s  
difficult than those associated with the l a r g e r  radioisotope e l ec t r i ca l  power 
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source.  This  is due t o  the smaller inventory, lower tempera ture ,  and design 
simplicity of the hea ters  

The hea te r s  and the power source both experience the s a m e  sequence of 
events in  use  and therefore  could be exposed t o  the same accident conditions. 
The use  of e i ther  will involve fabrication, testing, t ransport ,  prelaunch 
handling, launch, orbi ta l  operation, and postmission disposal. The conse- 
quences of a mishap in these s tages  is ent i re ly  different fo r  the hea ter  and 
the power source.  

A 50-W hea ter  contains about 1.47 K C i  of 238Pu compared to  the SNAP 
9A inventory of 16. 2 K C i  and the SNAP 27 inventory of 45 K Ci. Thus, in 
the unlikely event of a major  re lease,  the power sources  would be 10 to 30 
t imes  m o r e  hazardous.  
portant than the difference in operating tempera tures .  

Even so, the inventory difference is much l e s s  im- 

A radioisotope power source must  operate at tempera tures  in excess  of 
1 0 0 0 ° F  if  e lectr ic i ty  i s  t o  be generated with reasonable efficiency, 
the operating tempera ture  is l imited by mate rial capability; consequently, 
melting is the immediate consequence of loss of coolant. 
hea te rs ,  on the other  hand, operate atlow tempera tures .  Most applications 
a r e  below 1 5 0 ° F .  A 50-W hea ter  in 1 0 0 ° F  air, with no cooling system, will 
reach  a tempera ture  of only 370°F .  
is  negligible. It follows that a hea ter  can experience ser ious  accidents with- 
out a major  r e l ease  of radioactive mater ia l .  

Generally, 

The reference 

At this  temperature ,  fuel vapor p r e s s u r e  

Design simplicity a lso minimizes  hazards  f r o m  a radioisotope hea ter .  
The containing s t ruc tures  and ablation protection a r e  integral  pa r t s  of the 
heater .  
design compromise to  allow f o r  integration of a cooling and /o r  power conver- 
sion sys tem is not required.  

The s t ruc ture  can provide the sma l l  amount of shielding needed; 

The hea te r s  a r e  designed fo r  at leas t  a 10 half-life fuel containment, 
P m  hea te r s  can be expected to last considerably longer (probably an o rde r  of 
magnitude). At the end of 1 0  half-lives, inventories of 50-W P m  and Pu 
hea ters  a r e  1 2 1  and 1.44 Ci  respectively.  
reduced t o  0. 117 and 0. 0014 Ci--an insignificant value. 

At 20 half-lives, inventories a r e  

Loss of t he rma l  power with age is an additional consideration. After 
normal  deployment ( 5  to 10 yea r s ) ,  the P u  hea ter  will still produce near ly  its 
init ial  heat. However, the Pm hea ter  output will be substantially reduced, 
Reduction of t he rma l  power reduces a i r  and soi l  burial  t empera tures  approxi- 
mately in proportion to power loss. Thus, af ter  2 half-lives, t empera ture  
falls to near  ambient. 
soi l  conditions a r e  negligible. 

Corros ion  r a t e s  f o r  the capsule at ambient air and 

Release to the upper a tmosphere.  - It is  conceivable, but highly improb- 
able, that a s e r i e s  of events could des t roy  the reent ry  protection, and the 
hea ter  could be subjected to upper a tmosphere dispersal .  
eventuality m u s t  be considered, it can be shown that such a r e l ease  does not 
constitute a significant hazard.  

Although this 
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Analysis of r een t ry  burnup and d ispers ion  of the radioisotope is normally 
considered in s e v e r a l  ways: (1)  high-altitude burnup (250 000 f t )  result ing in 
par t ic les  of l e s s  than about 10 t - ~  diameter ,  ( 2 )  high-altitude burnup result ing 
in  par t ic les  g r e a t e r  than about 10 P, and (3) par t ia l  burnup resul t ing in low- 
altitude d i spe r sa l  of par t ic les  as wel l  a s  reent ry  of intact  o r  near ly  intact  
hea te rs .  

Radioisotope m a t e r i a l  reduced to  par t iculate  f o r m  by aerodynamic 
f o r c e s  a r e  t ranspor ted  to  the e a r t h ' s  sur face  by atmospheric  p rocesses  and 
gravity.  Large,  dense par t ic les  fall out quickly, but even light, gaseous 
m a t e r i a l  reach  the biosphere.  
(worldwide) fallout a r e  considered. 

Both la rge-par t ic le  ( local)  and smal l -par t ic le  

Small  par t ic le  fallout: F o r  burnup of a 50-W heater ,  the peak C i / m 3  
concentrations during r e l ease  t o  the mesosphere  (approximately 200 000 f t)  
a r e  C 
s t ra tosphere  (30 000 to 80 000 f t ) ,  Cp = 1. 5 x 10-16 (238Pu) o r  1 .25 x 
( 1 4 7 ~ m ) .  

= 8. 2 x 10-18 (238Pu) o r  7 x 10-16 (147Pm). To the lower polar  
P 

The maximum permiss ib le  Ci/rn3 concentrations f o r  continuous exposure 
of 
238Pu), 3 x 

opulations+: a r e  MPCP = 2 x 10-14 (soluble 238Pu), 3 x (insoluble 
(solubfe 147Pm),  and 1 x 10-9 (insoluble 147Pm).  

Thus, maximum concentrations f r o m  a 50-W re l ease  a r e  below the pe r -  

The analysis  leading to the above conclusions i s  presented 
miss ib le  values by fac tors  of CP/MPC% = 0. 007 (soluble 238Pu) o r  4 x 10-5 
(soluble 147Pm)a  
in  appendix H. 

Large-par t ic le  fallout: Much l e s s  conclusive resu l t s  can be drawn re -  
garding la rge  par t ic le  fallout because (1 )  existing data a r e  inadequate to 
r igorously calculate fallout f rom high altitude, and ( 2 )  fo r  la rge  par t ic les ,  
the hazard resu l t s  f r o m  potential angle par t ic le  radiation exposure and /o r  
through the ecological chain. 

Large-par t ic le  fallout will be m o r e  localized; in fact ,  the limiting seve r -  
i ty  (i. e .  highest  possible dose)  is given in  the following discussion concerning 
maximum credible  land and water  r e l eases .  
the e a r t h  surface would be involved. Doses to individuals would not be injuri-  
ous--in a l l  but exceptional cases ,  l e s s  than MPD. 

In general ,  a small f ract ion of 

Release in  a launch abort-- the maximum credible  accident,  - The most  
s eve re  accident associated with use  of radioisotope hea ters  would be a la rge  
r e l ease  of radioactive ma te r i a l  due to  a launch abort .  The hea ter  will be 
designed to survive such a conflagration. Nevertheless,  because the proba- 
bility cannot be reduced t o  zero,  the consequences war ran t  consideration. 

The effects  of instantaneous forced  r e l ease  of 50 W of 147Prn and 238Pu 
Simple r e l ease  could not produce these effects to  air is shown in f igure 39. 

:: Based on the 1959 ICRP recommendations; in  each  case,  the nonoccupational 
MPCa is higher by a factor  of 3. 
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Figure 39. Maximum Credible Accident, 50-W Pu and Pm Heaters 

because a la rge  amount of energy is  required to  vaporize o r  atomize the 
fuel. 
spheres  may volatilize if  exposed to the Saturn V f i reba l l  at 0, 
respect ively a f t e r  launch pad abor t  initiation. 
ce rme t s  re lease  l e s s  than 
f i rebal l .  

It has been shown ( re f .  53) that 4070, 670, and 0. 570 of ba re  PuOz micro-  
5, and 10 s ec  

However, PuOz and Pm2O3 
fuel inventory when exposed to the en t i re  

Weather conditions have significant e f fec ts  on downwind airborne radio- 
activity. Type B wind (3m/sec ,  unstable) conditions a r e  used in hazards  
analysis  a s  typical; Type F ( l m / s e c ,  t he rma l  inversion)  a r e  improbable 
conditions which r ep resen t  a wors t  case .  
left  ordinate (1% re l ease )  r ep resen t  a credible but highly improbable accident. 
The dashed curves  a r e  given for  information but cannot be cor re la ted  with a 
rea l i s t ic  accident probability. The right-hand ordinate is applicable only to 
238Pu02 ba re  microspheres  o r  147Pmz03 powder fuel forms ,  assuming total  
fue l  inventory volatilization at the instant of abor t  initiation. Additional con- 
servat ive assumptions include no c red i t  fo r  ver t ica l  dispers ion and 100% 
retention of radioactive ma te r i a l  that  en te r s  the r e sp i r a to ry  system. On the 
bas i s  of the 1% re l ease  model, it can be concluded that dose r a t e s  ex ter ior  
to the controlled a r e a s  a r e  within tolerable l imits .  

Thus, the solid curves  r ead  on the 
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Note that  point and volume re l ease  curves  are given. F i r eba l l  r e l ease  
will be represented  by f i reba l l  volume dilution. 
r ep resen t s  the maximum concentration r e l ease  and would be typical in  any 
ground accident (not necessa r i ly  f r o m  a launch abor t )  where the fuel  i s  quickly 
vaporized but not d i spersed  by the vaporizing medium. 
including the effect of f i reba l l  r i s e  and var ious other wind conditions, and the 
analytical  approach used  in  this  ground r e l ease  analysis  a r e  given in 
appendix I. 

The point r e l ease  case  

F u r t h e r  resu l t s ,  

F r e s h  water  contamination. - A heater  could fall into f r e s h  water .  In 
the United States,  f resh-water  lakes,  r e se rvo i r s ,  and r i v e r s  cover some 
4 x l o4  sq miles (about 1% of the total  a r e a ) .  

Hazard  studies to date have concentrated on r e se rvo i r  contamination 
because the path to man is shor tes t  in this  case .  
which data are available),  one-half of the f r e s h  water  a r e a  consis ts  of r e s e r -  
vo i rs ,  where the t e r m  " re se rvo i r "  includes man-made lakes such as Lake 
Mead. 

In the United States  ( for  

Especial ly  in  l a r g e  communities,  r e se rvo i r  sys t ems  a r e  complex. The 
init ial  sou rce  is general ly  a large,  open, impounding r e se rvo i r .  From this  
source,  the water  i s  t r a n s f e r r e d  to  smaller r e s e r v o i r s  a s  "raw" water  a t  a 
water - t rea tment  plant. After f i l ter ing and chlorinization, the water  is s tored  
in  closed tanks to  prevent  contamination p r io r  to  entering the distribution 
mains in  the municipality, 

The delay time and the cleanup actions can grea t ly  reduce doses  f r o m  
r e s e r v o i r  contaminants. 
safety studies because they a r e  different fo r  each r e se rvo i r  complex. 

These f ac to r s  usually are not taken into account in 

A 50- W hea ter  contains enou h radioactive m a t e r i a l  to  contaminate about 
1.6 x 1011 gal  (147Pm) o r  8 x lOf0 g a l  (238Pu). As shown in f igure 40, the 
probabili ty is only 4 x 10-4 that a capsule landing in  the United States would 
hit a drinking water  r e se rvo i r  no l a r g e r  than this.  

USNRDL data ( re f .  54) indicates that  about 1. 2 x p e r  day of a 
promethia  sample may go into solution in  s e a  water .  
this  is 0 .  15 Ci /day  o r  55 C i l y e a r .  This will  contaminate approximately 
7. 5 x l o 5  gal  to  MPC,, As indicated by figure 41, the probabili ty of impact- 
ing in  a r e s e r v o i r  which contains l e s s  than l o 7  ga l  is vanishingly small .  
Since the turnover  rate in  r e s e r v o i r s  is relat ively high, the probabili t  
r e s e r v o i r ' s  being contaminated to  MPC, levels  by a heater ,  e i t he r  14yPtn 
o r  2 3 8 ~ u ,  is quite small. 

F o r  a 50-W heater ,  

of a 

Ocean water  contamination. - Sea water  contamination is an  inherently 
complex problem because it can take many forms,  and involves a n  elaborate  
and l i t t le understood ecological system. 

Intact hea t e r s  in  the ocean constitute no hazard;  cor ros ion  rates are so  
low that  containment integri ty  will  be maintained indefinitely. 
will probably withstand p r e s s u r e s  of the g rea t e s t  depths, and even i n  the 

The hea te r s  
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event of re lease ,  the fuel  would c rea t e  l i t t le o r  no hazard  because the re  is 
l i t t le exchange between the ocean 's  layers .  

If a damaged o r  faulty capsule were dropped into the ocean, the radio- 
active ma te r i a l  would be r e l eased  quite slowly because the fuel fo rms  a r e  
re la t ively insoluble. 
hazards .  

The low ra t e  of r e l ease  great ly  reduces potential 

Radioisotopic fuel could be r e l eased  to  s e a  water  much m o r e  rapidly i f  
the hea ter  were  damaged by r een t ry  forces ,  and if ablation of the fuel c rea ted  
la rge  par t ic les .  
a r e a  which would effectively reduce hazards .  

But even these  par t ic les  would be d ispersed  over  a la rge  

While r e l ease  to  s e a  water  could occur only slowly and /o r  over  a wide 
a rea ,  it is instruct ive to  consider the potential consequences of a rapid 
r e l ease  in a sma l l  volume. Even in this  extreme and improbable case ,  the 
haza rd  is acceptably small. A concentration in  s e a  water  is not re la ted in 
any d i r ec t  way to dose to humans, The maximum permiss ib le  concentration 
in  s e a  water  i s  obtained by assuming that all protein in the diet of the people 
of in te res t  consis ts  of seafood which has  fully concentrated the radioactive 
mater ia l .  
sponds t o  15 r e m  to the gastrointest inal  t r a c t  o r  30 r e m  to the bone, the 
respect ive c r i t i ca l  organs f o r  147Pm and 238Pu. 

Using these assumptions,  exposure for  1 yea r  a t  MPC, c o r r e -  

Denoting these values as 
ergency integrated C i - s e c / m 3  exposures ,   TIDE^ = 2 C i - s e c / m 3  for 

and TIDE2 = 600 C i - sec /m3  f o r  147Prn. 

In these  t e r m s ,  integrated exposures  to 100% re l ease  f r o m  a 50-W 
heater ,  based on a diffusion velocity of 0 . 0 1  m / s e c  and a 75-meter  mixin 
depth, i s  TID1/TIDE1 = 200/R for  238Pu, and T I D ~ / T I D E ~  = 6 0 / R  for  I4?Pm. 
This i s  i l lustrated in  f igure 41. 
can ex is t  only in  a sma l l  a r e a .  
appendix J. 

It is evident that  high integrated exposures  
The bas is  of these resu l t s  a r e  given in  

Actually, the s e a  water  contamination problem is l e s s  se r ious  than these  
calculations suggest. First, full  biological concentration of these radioiso- 
topes, a factor  of lo3 ,  cannot occur instantaneously because this requi res  
s e v e r a l  s teps  in the food chain. 
with the f i sh  at shallow depths that  normally feed over  a la rge  a r e a  compared 
to  the a r e a  of high concentration. Fu r the r ,  humans who live la rge ly  on sea -  
food do not confine the i r  attention to  such sma l l  a r e a s .  Thus, it can  be con- 
cluded that  re lease  to  the open ocean will not resu l t  in  overexposures .  

Second, higher concentrations a r e  associated 

Data in f igure 41 can be modified to  consider surface concentration f r o m  
breached, deeply submerged capsules.  Assuming no ver t ica l  mixing l imit ,  
hemispher ica l  dispersion, and instantaneous total  release of the isotope 
inventory, the de t h  at which sur face  concentration would be 
11 500 f t  f o r  Pu2f8 and 5200 f t  for Pm147. 

MPC i s  
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HEATER MATERIALS SELECTION 

The radioisotope hea ter  fo r  use  in space vehicles i s  a heterogeneous 
combination of ma te r i a l s  that  provide maximum operating performance and 
safety.  The ma te r i a l s  mus t  be compatible under a l l  environments and tem- 
pe ra tu re  conditions encountered during the complete mission profile f r o m  
launch to  reentry,  impact,  and possible burial .  

In this section, candidate ma te r i a l s  a r e  discussed along with the rationale 
used in the final selection. 

Radio i s o t ope Fue 1 s 

Severa l  radioisotope fuels that have been investigated a s  potential heat 
sou rces  a r e  shown i n  table 18. Of these,  147Pm and 238Pu were  selected f o r  
the reference heater  designs p r imar i ly  because, together,  they cover the 
required mission t imes  of f rom 14 days to  5 y e a r s ;  the i r  ce rme t  fuel f o r m s  
a r e  inherently safe;  their  emit ted radiations can be eas i ly  shielded; and they 
a r e  readily available. Cobalt 60, while available, requi res  very  heavy shield- 
ing and is not suitable f o r  sma l l  sou rces ;  9OSr has been used in  seve ra l  land- 
based applications, but, due to i ts  energet ic  beta decay which resu l t s  in 
penetrating bremsstrahlung,  heavy shielding is required which el iminates  it 
f r o m  consideration fo r  a sma l l  heat source .  
shielding and i s  not readily available. 
l ife and requi res  heavy shielding. 
relatively shor t  half-life and requi res  moderate  shielding. 
been proposed f o r  space applications because of i t s  high power density. 
the main difficulty with polonium is  the high vapor p r e s s u r e  of i t s  compounds, 
which makes  them quite unstable. 
life. 
re la t ively shor t  half-life. 
supplement to 238Pu a s  it has a modera te  power density and half-life but a t  
the present  t ime it is not readily available and requi res  considerably m o r e  
shielding than does 238Pu. Tr i t ium (3H) and thulium-171 have a l so  been 
suggested a s  potential heat sources .  
t empera tu re  fuel f o r m  and 171Tm suffers  f r o m  the contaminant, 1 f iTm,  
which requi res  modera te  shielding. 

Rubidium also requi res  heavy 

Thulium suffers  on two counts: it has a 
Ces ium has a relatively shor t  half- 

Polonium has 
But 

Polonium a l so  has  a relatively shor t  half- 
Cur ium -242 has a ve ry  high power density, but like z l o P o  it has a 

Curium-244 i s  being considered a s  a possible 

However, 3H has no s table  hi h- 

The 147Pm and 238Pu fuel fo rms  chosen fo r  detailed analysis  based on 
half-life, shielding, i m  act,  availability, cost  compatibility, and s ta te  of 
development, were the T47Ptn203-W cermet ,  238Pu02 microspheres  (plasma- 
f i r ed  o r  sol-gel) ,  and 238Pu02 cermet .  F ina l  selection will  depend on the 
miss ion  t ime requirement  and the fuel f o r m  s ta te  of the a r t  a t  t ime of 
fabrication. 

238Pu and 147Pm have stable high-temperature  fuel f o r m s  which have 
been extensively studied with r e g a r d  to  fuel immobilization, vapor p r e s s u r e ,  
impact charac te r i s t ics ,  and r e l ease  to the biosphere.  
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The bes t  fuel f o r m  identified fo r  missions of over  2 y e a r s '  duration i s  the 
2 3 8 p ~ 0 2  - M o  ce rme t .  
r i a l  Institute ( r e f s .  56 and 57). 
immobilization than other available o r  potentially available P u  fo rms  f o r  
credible  abor t  environments.  
Z r 0 2  solid solution under development a t  the Los Alamos Scientific Laboratory 
( r e f s .  58 through 61). 
More tes t ing i s  required to  fully qualify i ts  performance.  
a r e  the only plutonia fuel f o r m  present ly  available, fully qualified, and thus, 
suitable for  immediate use in radioisotope hea ters .  All th ree  P u  fuel fo rms  
a r e  sat isfactory;  the advanced fuel fo rms  only provide a higher degree of fuel 
immobilization in the event of capsule breach. 

It is cur ren t ly  under development a t  the Battelle Memo- 
This fuel f o r m  p romises  more  radioisotope 

The next-best potential fuel f o r m  is the P u 0 2 -  

It has  been fabricated and subjected to l imited testing. 
P u 0 2  microspheres  

F o r  missions of 2 yea r s  o r  l e s s ,  the 147Pm203-W c e r m e t  i s  recom- 
This fue l  i s  highly desirable  f r o m  the standpoint of safety, and there  mended. 

i s  no helium generation; thus, design for  p r e s s u r e  containment i s  not required.  
The fuel decays fas t  enough to eliminate long t e r m  hazards  f rom loss of en- 
capsulation. Biologically, it is considerably l e s s  hazardous than most  other  
radioisotopes.  

DWDL has developed Pm2O -W ce rme t  technology to the point where fab- 
No  technical 
The c e r m e t  

In addition to basic  res i s tance  to f rag-  

rication of sma l l  sources  ( = l o  4 ) i s  within the s ta te  of the a r t .  
l imitation i s  expected for  fabrication of 50-W and l a r g e r  s izes .  
has  demonstrated impact superior i ty  over bare  microspheres  and a hot- 
p r e s s e d  ce ramic  compact ( ref .  6 2  )e 
mentation, the c e r m e t  rovides microencapsulation of the fuel, which prevents  
excessive exposure of p47Pmz03 to  the biosphere in the improbable event of 
a b reach  i n  the s t ruc tu ra l  shell. 
th ia  and plutonia fuel fo rms .  

Table 19 presents  a comparison of prome- 

An interesting point i s  that, f rom the data shown in table 19, i t  appears  

However, because of the requirement  t o  maintain a void-to-fuel ra t io  

Thus, fuel capsules of plutonia 

that the power density of plutonia fuels  is approximately double that of p rome-  
thia. 
approximately equal  to  one, actual  power densi t ies  f o r  plutonia fuels  
a r e  near ly  the s a m e  a s  fo r  promethia  fuel. 
and promethia  can be made interchangeable within the s t ruc ture  container.  

P r i m a r y  Containment Vessel  

Arc -cas t  tantalum has been chosen for  the p r i m a r y  containment v e s s e l  
(the layer  that  immediately surrounds the radioisotope fuel)  over  other 
r e f r ac to ry  meta ls  and superalloys because of i t s  high melting point, ready 
availability in many shapes, e a s e  of fabrication (par t icu lar ly  TIG welding), 
and compatibility. 
allow handling outside of radiation control gloveboxes and /o r  hot cel ls .  
will allow subsequent assembly  procedures  to be accomplished mo're 
economically. 

The only function of the p r i m a r y  containment ves se l  is to 
This 
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TABLE 19 

FUEL FORM COMPARISON 

23 8Pu02 ba re  
microspheres  4 7 ~  m 20 - 2 o v/o 238Pu02- 2 0 V l O  238Pu02-ZOm/0 

W c e r m e t  Mo c e r m e t  Z r 0 2  solid (62. 570packing 
s olut ion fract ion)  

?ower 
lens  ity 1 .4  Wfcc  3.66 Wlcc  3 . 5  W/cc  2.86 W/cc  

jpe c ific 
gravity 
:ue1 fo rm 9.  13 g / c c  10.12 g / c c  9 . 6 5  g / c c  6 .31  g / c c  

3e lium No He; Not known; Est imated to  Est imated 5% 
re le a se p-emi t te r  e st. le s s than be  s imi la r  to to  20% a t  

solid solution microsphe  r e s  2100°F fo r  
o r  microsphe r e s  5 min. 

[mpact Excellent Excellent P o o r  
res is tance resu l t s  with 

W ma t r ix  

P o o r  

3alf - life 2 . 6 2  y r  87 .4  y r  87.4 y r  87.4 y r  

Superalloys such as L605 (HS25), Inconel X750, and Hastelloy X a r e  
Other r e f r ac to ry  meta ls  actually more  difficult to fabr icate  than tantalum. 

and alloys were considered, but none were  a s  ductile when welded, a s  readi ly  
formed,  and a s  readily available a s  pure tantalum. 

Ene rgy Ab s o rbe nt Laye r 

Tantalum foam was selected a s  the shock absorbent ma te r i a l  around the 
p r i m a r y  containment capsule.  
be considerably l e s s  expensive and just  a s  adequate for  shock attenuation. 
This ma te r i a l  provides void spaces  fo r  helium retention and absorbs  energy 
f r o m  impact. 

However, other  ma te r i a l  such a s  T a  wool may 

St ruc tura l  Container - P r e s s u r e  Vesse l  2 3 8 ~ u ~ 2  

Phys ica l  p roper t ies  of candidate ma te r i a l s  f o r  the hea ter  s t ruc ture  con- 
ta iner  a r e  presented  in table 20. 
because the elevated-temperature  s t rength of T- 11 1 i s  comparable to  T-222 
and Ta-10W, and its ductility is g r e a t e r  than Ta-IOW. 

T-  11 1 was selected f o r  this  component 

Lower init ial  cost, 
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g r e a t e r  ea se  of fabrication, and comparative availability a l so  make T-  11 1 a 
logical choice over  T-222. The high-temperature  s t rength of T-111 is 
super ior  to Ta.  The following additional rationale was used fo r  selection 
of T-111. 

1. The peak tempera ture  ( 2 1 0 0 ° F )  reached during r een t ry  comes  within 
2 0 0 ° F  of the melting point of Co and N i  superalloys such as L605 (HZ25) and 
Hastelloy X. 

2. The ma te r i a l  mus t  have high energy absorption cha rac t e r i s t i c s ;  
i. e.  t h e a r e a  under  i ts  s t r e s s  s t r a in  curve should be la rge  and i t s  modulus 
of e las t ic i ty  should be moderate .  Ref rac tory  alloys T-111 and T-222 and 
W-Re a r e  super ior  to Mo and Nb alloys. 

3. The ma te r i a l  must be compatible with other  components of the hea ter  
and not force  ser ious  com romise  i n  cost  o r  performance of adjacent corn- 
ponents ( inner  container,  338PuOz, and T a  foam).  

4. The ma te r i a l  must  be available; readily weldable, preferably by 
TIC techniques (although EB welding i s  possible) ;  ductile in  the as-welded 
condition; and not prohibitively expensive. 

5. The thicknesses  of T-111 selected for  the P u  hea ters ,  0. 060 in .  f o r  
the 10-W and 0. 120 in. f o r  the 50-W, a r e  dictated by the 20-year orbi ta l  life 
t e  mpe r a ture  / p r e  s s u r e  r e  quire  me nt s . i 

Struc tura l  Container for  Pm2O3 

The same rationale used to  se lec t  T-111 for  the s t ruc tu ra l  P u 0 2  con- 
ta iner  applies fo r  P m 2 0 3  hea ters  except that  the shel l  thickness i s  determined 
by shielding requirements--  not tempera ture  / p r e s  s u r e  his tory considerations.  
Analysis indicates that thicknesses  in e i ther  case  a r e  about the same.  
high-Z atomic weight ma te r i a l  i s  superior  to a ma te r i a l  with low Z for  radia-  
t ion shielding. 
shields a s  the W and T a  alloys.  Al l  superalloys have relatively low attenuation 
efficiencies.  F o r  shielding, the P m  10-W hea ter  with a 0. 060 in. -thick T-111 
s t ruc tu ra l  she l l  will keep the dose r a t e  within 5 m r / h r  at 1 m. 
same requirements ,  0.63 in. of Hastelloy-X i s  needed. Hastelloy-X hea ter  
weight would be 4. 059 lb compared to 1. 0 1  1 for  the 10- W hea ter  with a T-  11 1 
shell .  F o r  the 50-W hea ter ,  the s t ruc tu ra l  shel l  thicknesses  a r e  0. 120 in. 
fo r  T -  11 1, and 1. 13 in .  fo r  Hastelloy-X; and the corresponding weights a r e  
3.410 lb  and 16.68 lb respectively.  
ization, the thickness of the T- 11 1 s t ruc tu ra l  container i s  identical fo r  both 
P u 0 2  and Pm2O3 hea ters  of the same power level. 
impact requirements  a r e  comparable for  e i ther  hea te r  is additional support  
f o r  this design selection. 

A 

Molybdenum and niobium alloys a r e  not a s  effective radiation 

F o r  the 

Consequently, fo r  purposes  of s tandard-  

The fact  that  reent ry  and 

The shielding and the rma l  requi rements  for  the s t ruc ture  container 
vir tual ly  rule out the use  of superalloys unless  excessive thicknesses  a r e  
used and /o r  the the rma l  insulation i s  significantly thickened. 
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Oxidation B a r r i e r  

Plat inum was selected as the oxidation/corrosion-resistant l ayer  because 
of its excellent res i s tance  t o  s e a  water  cor ros ion  and oxidation, and because 
of its high melting point. Pt, Ir, Rh, Go,  Ni, the i r  alloys, and the r e f r ac to ry  
borides were  considered. 
co r ros ion  is Ir; however, Pt is a l so  excellent, and far more  available and 
economical than Ir. 
and HfB2 show p romise  and should be considered fur ther .  

The bes t  oxidation b a r r i e r  and res i s tan t  to  genera l  

Table 21 l i s t s  the proper t ies  of these mater ia l s .  TiB2 

TiB2 and HfB2 would prevent  diffusion of carbon f rom the insulation layer  
into the Ta, thereby preventing embri t t lement  by carburization. Cobalt, 
nickel, and the i r  alloys a r e  of questionable value because of the i r  low melting 
points and interact ion with carbon. 

The rma l  Insulation Layer  

Pyrolyt ic  graphite was chosen for  t he rma l  insulation because of its ve ry  
The favorable values of t he rma l  conductivity in both "a" and ' I C "  d i rect ions.  

low value of t he rma l  conductivity in  the "c" direction inhibits heat flow into 
the capsule s t ruc ture .  The relat ively high value of t he rma l  conductivity in 
the "a" direction helps produce uniform heating f o r  capsule r een t ry  or ienta-  
t ions such as end-on and side-on nonspinning. 
(CVD) techniques will be used for  forming the pyrolytic graphite. 

Chemical  vapor deposition 

Other ma te r i a l s  and techniques fo r  the insulation layer  a r e  being investi-  
One gated a t  DWDL under Independent Research  and Development programs.  

p rogram i s  investigating thornel  f ibre-reinforced pyrolytic graphite and 
expanded pyrolytic graphite.  
integrating the ablator  with the insulation and s t ruc tu ra l  container using 
graphite ce ramic  composite mater ia l s .  

Another p rogram is  developing techniques for 

Ablator Mater ia l  

POCO graphite is considered the p r ime  candidate for  ablative r een t ry  
protection, MDAC has found this  ma te r i a l  to have high survival  capability at 
heating r a t e s  considerably above those predicted f o r  the radioisotope hea ters  
undergoing a 90" lunar r e tu rn  t ra jec tory .  
p resented  in table 2 2  and f igures  42 and 4 3 .  

Phys ica l  and the rma l  data a r e  

A carbon-fiber- reinforced phenolic char r ing  ablator  ma te r i a l  (Narmco 
4028) was investigated analytically. 
t he rma l  protection provided i s  good; however, long t e r m  degradation of 
phenolic ab la tors  at normal  operating tempera tures  up to  400" to 5 0 0 ° F  may 
be ser ious .  In addition, re l iable  and reproducible performance data  are 
s c a r c e .  

F i r s t  indications a r e  that the r een t ry  

Reinforced pyrolytic graphite was considered a s  a combination ab la tor /  
insulator.  However, this ma te r i a l  va r i e s  somewhat f r o m  one batch to 
another and rel iable  the rma l  performance data  are not available. 
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TABLE 22 

POCO GRAPHITE PROPERTY DATA VS TEMPERATURE 

Density range ( g m s / c m  3 ) 

Tensi le  s t rength (ps i )  

Compressive s t rength (ps i )  

F lexura l  s t rength  (ps i )  

Modulus of e las t ic i ty  
( p s i x  106) 

S t r a in  to  fa i lure  
(70 elongation) 

P o i s s o n ' s  ra t io  

Hardness  (Rockwell B) 

T he r m a l  c o nduc t ivit  y 
(Btu l f t -hr -  O F )  

Coefficient of t he rma l  expansion 
(in.  / in.  / O F  x 10-6) 

Specific heat (Btuf lb-  O F )  

P u r i t y  (ave rage to ta l  
ash-  ppm) 

Grade AXF-5Q 

75 "F 1500°F 3000 "F 

1. 80 - 1.88 N/A N/A 

10 000 11 000 12 000 

20 000 N/A N/A 

10 500 i o  900 12 300 

1. 68 1. 84 2. 08 

0.95 0. 90 1. 00 

0. 15 

120 

65  

0. 18 0. 22  

N/A N/A 

28 17 

4. 8 4. 3 4. 9 

0. 20 

200 

0. 42 0. 50 

N/A N /A 

Under an MDAC Independent Research  and Development program, physical 
and the rma l  proper ty  data  for  graphi te -ceramic  composites such a s  HfBZ 
WSiz - C a r e  being compiled. 
while encouraging, a r e  inconclusive. 

P re l imina ry  the rma l  protection t e s t  resu l t s ,  

Kinetics of Helium Release f r o m  the Plutonia Fuel  Structure  

It is general ly  known that, under cer ta in  conditions, not a l l  of the helium 
produced by CY decay is r e l eased  f r o m  the plutonium fuel s t ruc ture .  
re lease  ra tes  a r e  dependent on such var iables  a s  tempera ture ,  p r e s s u r e ,  
t empera tu re  history,  p r e s s u r e  history,  s ize ,  and surface roughness of the 
fuel  form.  However, total  r e l ease  has  been assumed fo r  safety and design 
calculations presented  he re  because of the present  lack of reliable experi-  
menta l  substantiation for  l e s s  conservative assumptions.  

Helium 
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At DWDL, an approximate mathematical  model was developed which is 
qualitatively s imi l a r  to  those being developed by investigators in  this field 
and which employs empi r i ca l  constants chosen to produce agreement  with 
unpublished microsphere  data obtained f r o m  C.  J. Northup, J r .  of Sandia 
Corporation. 
than 1 0 0 %  helium re lease  could resu l t  for  the t ime- tempera ture  values 
encountered during reent ry  heating, 
stitute an additional safety margin in the p r e s s u r e  ves se l  design. 
helium re l ease  becomes bet ter  understood, the thickness of the p r e s s u r e  
ves se l  walls could be reduced and a weight reduction achieved. 

This model was produced i n  o rde r  to  anticipate whether l e s s  

If such were the case,  this  would con- 
When 

Figure 44 p resen t s  a rough guideline for  helium re lease  es t imates .  
Helium re lease  t imes  a r e  given a s  a function of tempera ture .  
operating tempera tures  for  most  applications ( < 4 0 0 " F ) ,  there  is ,  essent ia l ly ,  
complete helium retention. 
sponding to reent ry  of the capsules,  the guideline indicates that considerably 
less  than l O O v O  helium re lease  would occur .  
at 2000"  t o  2 1 0 0 ° F  ( a s  during an e a r t h  orbi ta l  decay t ra jec tory)  the model 
indicates that l e s s  than 2570 of the available He would be re leased  f rom the 
m i  c r o sp he r e  - fue 1 s t ruc tur  e .  

At normal  

F o r  the t ime- tempera ture  coordinates c o r r e -  

For a period of 200 to 300 sec  
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Figure 44. Helium Release from Plutonia 
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Bi bliog rap  hy 

Considerable data and re ferences  are available in the l i t e ra ture  concern- 
ing  candidate mater ia l s  for  hea te r  designs.  
the bibliography at the end of this  report .  

Typical sources  a r e  given in 

THERMAL CONTROL O F  ALSEP MISSION COMPONENTS 

At the request  of NASA/MSC, the Solar  Power  Subsystem (SPS) designed 
by the Bendix Corporation (ref .  8 ) was reviewed. P re l imina ry  designs of 
t he rma l  control sys t ems  have been prepared fo r  the cent ra l  station and bat tery 
packages which utilize the reference heater  designs developed under this 
contract ,  and a controllable heat pipe developed independently by DWDL. 
SPS was originally designed a s  a backup to the SNAP-27, Radioisotope 
Thermoelec t r ic  Generator  (RTG) of the Apollo Lunar Surface Experiments  
Package (ALSEP).  

The 

Sys tem Requirements 

The rma l  control of the ALSEP cent ra l  station and bat tery packages m u s t  
m e e t  the following mission requirements:  

1. Compatibility during preflight s torage of up  to  2 years .  

2. Compatibility with handling, mounting, and s torage envelopes 
imposed by the Apollo lunar module. 

3 .  No interfer ing e lec t r ica l  o r  magnetic f ie lds .  

4. Compatibility with launch and t rans lunar  flight requirements .  

5. Capability of maintaining the equipment package within specific 
t empera tu re  l imi t s  f o r  1 year on the lunar surface.  

With these  requirements  in mind, a design study was conducted; DWDL 
heat  pipe technology was applied in conjunction with radioisotope heater  
capability to  mee t  specific t he rma l  control requirements  of each  equipment 
package as well  as the miss ion  requirements .  Results show that  small radio- 
isotope hea te r s  with self -regulating heat p ipe / rad ia tors  will  m e e t  the requi re -  
ments  without the u s e  of sensit ive second-surface mi r ro r - type  rad ia tors .  

Bat te ry  The rma l  Control 

In addition to  the genera l  miss ion  requirements ,  the following data w e r e  
applied to  the ba t te ry  the rma l  control mechanism: 

1. Bat te ry  tempera ture  limits: 40"  to  100°F.  

2. E lec t r i ca l  heat input: 3 .  0 W daytime (ba t te ry  and charge control ler) ,  
1. 9 W night (ba t te ry  and converter) .  
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3 .  Lunar surface tempera ture  l imits :  $250 OF daytime, -300°F night. 

4. Multilayer insulation bag: 

-4  Btu 
h r  / f t /  "F * 

Keff = 4. 38 x 10 (3)  

The following requirements ,  developed during the analysis,  will  be 
discussed la te r  in this report :  

5. White paint radiator :  cy= 0. 2, E = 0. 9 ( 2 9 3  Apollo coating). 

6. Radiator a r ea :  83 in? with 9370 fin effectiveness.  

7.  Maximum radiator  tempera ture :  9 0  O F .  

8. Heat pipe: 3 / 8  in. OD x 0. 016-in. -wall s ta inless  s teel .  

Design descr ipt ion.  - The wide tempera ture  swing of the lunar  environ- 
ment  and the need to diss ipate  the l a rges t  e lec t r ica l  heat load during the day 
r equ i r e  that the the rma l  control sys tem be a var iab le  heat rejection device. 
Sufficient heat  m u s t  a l so  be supplied to  compensate for  heat leaks through the 
mult i layer  insulation s t ruc ture  of the package fo r  minimum lunar t empera tu re  
conditions. 

Smal l  radioisotope hea ters  in combination with a self-  regulating heat  pipe/  
radiator  will per form the required functions without moving pa r t s  or  e lec t r ica l  
power con sumption. 

The self-regulating heat pipe/radiator  is  a spec ia l  adaptation of the heat 
pipe principle for  t h e r m a l  control purposes.  
porting considerable heat  with only a small t empera tu re  drop. When i n e r t  
gas  is included in an operating heat pipe, the gas  and vapor of the working 
fluid separa te  into two distinct regions.  The region of the working vapor i s  an 
active heat pipe and i s  near ly  isothermal .  The region of the iner t  gas  is 
thermal ly  inactive, and heat i s  t r ans fe r r ed  by conduction along the tube. With 
a thin-wall, low-conductivity tube, a la rge  tempera ture  gradient  can be s u s -  
tained i n  the inactive section with only a s m a l l  heat leak. 

Heat  pipes a r e  capable of t r a n s -  

A s  a var iable  the rma l  conductance device, the self-regulating heat pipe 
provides a conductance or turndown ra t io  of s e v e r a l  thousand. 
t h e r m a l  conductance along the wal l  of a s ta in less  s tee l  heat pipe i s  on the 
o r d e r  of 1 x 
vapor,  a conductance of 10 W/"C can easi ly  be  attained. Thus,  the turndown 
rat io  i s  10/10-3 = 10 O O O / I .  

For example, 

In the region of the working W/"C in the ine r t  gas  region. 

By proper  design of the self-regulating heat  pipe, the length of the active 
( i so thermal )  region wil l  vary  with the t empera tu re  of the evaporator (heat  
input region) of the heat pipe. This is depicted in  f igure 45. 
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HEAT INPUT 
REGION REGION 

Figure 45. Schematic of Self-Regulating Heat Pipe/Radiator 

F o r  minimum heat input, the iner t -gas  vapor interface i s  a t  point A, and 
With in t e r -  the heat leak to the radiator  i s  by conduction along the tube wall .  

mediate  heat input, the heat input region t empera tu re  inc reases  slightly and 
the ine r t -gas  vapor interface moves to B and act ivates  some radiator  surface.  
F o r  maximum heat rejection, the interface moves to  C ;  the en t i re  radiator  is 
active and i s  held near ly  i so thermal  with the heat input region by heat  pipe 
action. 
p r e s s u r e  of the working fluid with relatively s m a l l  changes in fluid t emper -  
a ture .  
volume and the active radiator  a r e a  inc reases  to attain a new the rma l  equilibrium 

Movement of the interface r e su l t s  f rom the la rge  change of vapor 

A s  vapor p r e s s u r e  inc reases ,  the iner t  gas  i s  compressed  to a s m a l l  

The self-regulating heat p ipe / rad ia tor  as  applied to the ba t te ry  package 
i s  shown in f igure 46. 
b a r  attached to  the ba t te ry  heat  t r ans fe r  plate and the upper ba r  attached to the 
radiator .  The gas  interface is nea r  the lower b a r  during lunar night but moves 
up  into the rad ia tor  region a s  the ba t te ry  w a r m s  during the day and heat 
rejection i s  necessa ry .  
receives  the ine r t  gas  when the radiator  i s  in full  operation. 
of the " Z "  necessa r i ly  resu l t s  in a penetration of the insulation bag, but the 
s ize  of the penetration and heat leak is s m a l l  compared to other var iab le-  
conductance devices.  

The heat pipe i s  formed into a Z shape with the lower 

A sma l l  r e se rvo i r  on the upper ba r  of the ' ' Z "  
The center  leg 

Analysis of the the rma l  control sys t em involves solving a night heat 
balance to  find the minimum heating required to compensate for  leaks;  a day 
heat  balance to  determine radiator  s i ze  or  maximum allowable heating; and 
a heat pipe design to determine the proper  iner t  gas  volume. 

Lunar night operation. - The following heat  balance mus t  be satisfied for  
the lunar night condition: 

- - 
'isotope -t 'batt. & conv. 'bag leak '  'H. P. leak (4) 

This  equation i s  solved to  find the required radioisotope heating to make  u p  
f o r  l o s ses .  
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The insulation bag leak was calculated for  a bag the rma l  conductivity of 
K = p x 1. 75  x With p =  25, the bag thickness is 0. 67 in. 
and the bag a r e a  i s  4. 95 f t 2 .  

B tu /h r  f t  O F .  

- -  - KAAT = 13. 16 B tu /h r  = 3. 85 W Qbag leak AX (5)  

"Open circui t"  conductance, o r  heat leak along the heat pipe, was calculated 
to be 0. 15 W. Heat input f r o m  bat tery and converter  a t  night was given a s  
1 . 9  W.  

Minimum radioisotope heating to maintain the ba t te ry  pack a t  4 0 ° F  o r  
w a r m e r  would be: 

= 3 .85  t 0 . 1 5  - 1.9  = 2. 1 W. Qisotope 

The heat pipe leak contributes only a sma l l  f ract ion of the heat leak. 

(%) (100) = 3 .75% ( 7 )  

Therefore ,  isotope heating requi rements  a r e  governed by the efficiency of 
the mult i layer  insulation bag. 

Lunar day operation. - The daytime heat balance, solved for  lunar noon 
c ond ition s , wou Id be : 

- - 
isotope (max)  'radiated - Q 

This  heat balance gives the maximum 

(8)  'absorbed -'batt. - 'leak in 
& charger  

allowable radioisotope heat which could 
be accommodated by the radiator  sys tem.  

The heat  leak through the insulation bag was calculated to be 1. 5 W 
using the s a m e  K and pva lues  a s  f o r  night, AT of 250"-100"F, and an a r e a  of 
4 .36 sq f t  ( the radiator  sur face  was excluded). 
radiator  is Calculated to  be 13.  84 W. 

Heat absorbed by the 83-sq-in.  

If a 1 0 ° F  drop  f r o m  the ba t te ry  to  the radiator  i s  allowed, the radiator  
can diss ipate  22. 04 W. 

The ba t te ry  and charger  will  generate  3. 0 W of heat. Solving for  the 
maximum radioisotope heat, 

= 22. 04 - 13.84 - 1. 5 - 3. 0 = 3 . 7  W 'is otope (max)  ( 9 )  

This  shows that  the 83-sq-in. radiator  can diss ipate  the required heat load 
a t  lunar noon with up  to  3. 7 W of radioisotope heating. 
is a white paint coating on 0. 050-in. -thick aluminum, was  s ized somewhat 
a rb i t r a r i l y  to s tay  within the pe r ime te r  of the ba t te ry  package's upper surface.  

The rad ia tor ,  which 
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The above calculations indicate  a minimum ( 2 .  1 W) and maximum ( 3 .  7 W )  
of isotope heat which would be compatible with the self-regulating heat  pipe/ 
radiator  and the allowed tempera ture  range of the ba t te ry  pack. Any amount 
of radioisotope heat within this range could be selected to  compensate f o r  
different insulation-bag proper t ies  or degradation, different radiator  a r e a  o r  
sur face  conditions, o r  decay of radioisotope. F o r  example, a 3 .  7 - W  147P1-n 
hea ter  would decay t o  2. 8 W af te r  1 year .  
heat  requi rements  a t  the beginning and end of the 1-year  miss ion  and still 
leave 33410 m a r g i n  f o r  uncertaint ies  in the insulation bag values.  

I t  would f a l l  within the day/night 

Self-regulating heat  pipe design. - The ine r t  gas  r e se rvo i r  is sized by 
using the idea l  gas  law and the vapor p r e s s u r e  curve fo r  the working fluid. 
The r e se rvo i r  volume mus t  be capable of holding a l l  the ine r t  gas  when the 
rad ia tor  is fully operat ive (as during lunar day). P r e s s u r e  on the ine r t  gas  
is  then equal to the vapor p r e s s u r e  of the working fluid a t  100"F ,  maximum 
bat te ry  tempera ture .  
t empera ture ,  or  9 0 ° F .  When the bat tery cools, the iner t  gas interface m u s t  
move down nea r  the bat tery.  
s u r e  at 40°F  and the gas  tempera ture  is intermediate  between the cold 
rad ia tor  tempera ture  and the 40 "F bat tery.  

The  i n e r t  gas  tempera ture  is about equal to the radiator  

Then the p r e s s u r e  i s  equal to  the vapor p r e s -  

Equations have been developed a t  D W D L  f o r  relating these  gas  volumes 
and properly sizing the r e se rvo i r .  
a volume of 1. 34 in. An unders ize  r e se rvo i r  would allow 
the ba t te ry  to f a l l  below the 40°F  limit before the ine r t  gas interface moves to 
the heat  input region. 
calculated provides c loser  tempera ture  control  over  a given power input range 
This  i s  i l lustrated by data f r o m  an ear ly  laboratory-model  self-regulating or  
controllable heat  pipe as shown in f igure 47.  

Using methyl  alcohol a s  the working fluid, 
would be adequate. 

Providing a r e se rvo i r  which is slightly l a r g e r  than 

Flight-qualified heat  pipes using ammonia a s  the working fluid and helium 
a s  the i n e r t  gas  have been delivered by DWDL for  u se  on the NASA/GSFC 
ATS-E satel l i te .  
the per iphery of the so la r  -ce l l  mounting panels.  
t e s t s  showed that  the heat  pipes performed according to predictions;  the 
satel l i te  with working heat  pipes i s  scheduled f o r  launch in mid-1969. Other 
heat  pipes have been flown on satel l i tes ,  one in  Apr i l  1967 as a zero-g  oper -  
ation demonstration, and another with two heat  pipes performing electronics  
compartment  t he rma l  equalization. 
regulating heat pipes have been designed and conducted a t  DWDL.  
technology is ready f o r  application to the rma l  control  problems,  and proce-  
du res  f o r  producing flight-qualified hardware a r e  present ly  available. 

The heat pipes equalize and control  the tempera ture  around 
Thermal-vacuum acceptance 

T h r e e  labora tory  demonstrations of self-  
This  

Meeting other mis s ion  requi rements .  - The capatibility of the self-  
regulating heat  pipe/radiator  t o  mee t  launch and t rans lunar  fl ight requi rements  
should not differ significantly f r o m  the resu l t s  found fo r  the the rma l  control  
design using the Surveyor -type bimetall ic t h e r m a l  switch descr ibed i n  the 
Bendix Corporation Report  BSR-2228 ( re f .  
properly in  the zero-g  environment and maintain the rma l  control i f  the 
rad ia tor  is allowed to  function. 

8 ). The heat pipe will function 
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Figure 47. Laboratory Data for Self-Regulating Heat Pipe 

Life t e s t s  of ammonia-helium-aluminum heat pipes have shown no t h e r -  
m a l  performance degrada t ion  when operated a t  over 3 -year  equivalent 
orbi ta l  heat loads.  Other fluid-container combinations can be selected to  
m e e t  specific requirements  such a s  the low the rma l  conductance of the present  
design. The 2-year  s torage  life of the heat pipe would not constitute a 
problem; the radiator  surface could be fitted with protective covers  during 
s torage.  

The heater  would be installed in the bat tery package a relatively shor t  
t ime  p r io r  t o  launch operations.  
vection air-cooling of the radiator would maintain the bat tery a t  about 2 0 ° F  
above ambient air  tempera ture .  
be  controlled during this time s o  that  capi l lary pumping action of the heat  
pipe would not have to  overcome a l a rge  gravity head. 

During the in te r im period, na tura l  con- 

Orientation of the heat pipe/radiator  would 

Central  Station Therma l  Control 

The cent ra l  station electronics  a r e  to  be controlled to  the following 
conditions : 

1. Electronics  tempera ture  l imits :  t30" to 1 2 0 ° F .  Note that his i s  
m o r e  s t r ingent  than the -22" to t 1 4 8 " F  given in  BSR-2228 by the Bendix 
Corporation ( re f .  8 ). 
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2. E lec t r i ca l  heat  generation: 33 W, day; 0 W, night. 

3 .  Lunar  sur face  tempera ture  limits: +250"F, day; -300°F,  night. 

4. Multi layer insulation bag: 

= 4. 38 x Btu /hr  f t  O F  ( thickness = 0. 67 in. ) 
Keff 

5. Maximum radiator  tempera ture :  110 O F .  

6 .  White paint radiator surface:  (Y = 0. 2, E = 0. 9.  

7. No  sunshields.  

2 8. Radiator a r ea :  2. 7 f t  with 9370 fin effectiveness.  

9. Two heat pipes: 3 / 8  in. OD x 0. 016-in. -wall  s ta inless  steel .  

Design description. - The var iable  heat-reject ion requirements  for  the 
cen t r a l  station electronics  will be m e t  by using self-regulating heat pipe/ 
rad ia tors  and supplying the minimum heat requirements  to m e e t  heat leaks by 
a radioisotope hea ter .  To obtain a high 
radiator-fin effectiveness without excessive heat-pipe bending, two heat pipes 
a r e  utilized. 
heat pipes will  be attached to  the radiator  and to  the electronics  mounting 
plate which will  ac t  a s  a t ransfer  path for  heat removal.  
the mounting plate receives  the radioisotope hea ter ,  and an insulating cap  
reduces d i rec t  heat loss  f r o m  the heater .  Insertion of the heater  will  be an 
astronaut  function. 
heater  outside the lunar module during t rans lunar  flight and to minimize the 
heater  tempera ture  during this t ime.  

F igu re  48 depicts this a r rangement .  

Each  heat pipe will  s e rve  one-half the radiator  surface.  The 

A cup attached to 

The mounting s t ruc ture  will  be designed to c a r r y  the 

The rma l  analysis  involves the same  three  s teps  a s  fo r  the ba t te ry  pack- 
age: 
allowable heat within reasonable radiation constraints ,  and (3)  determine the 
iner t -gas  r e se rvo i r  requirements  of the heat pipes. 
that  the tempera tures  of the electronics  package can be controlled within much 
tighter l imits  than ei ther  the baseline Bendix ALSEP design using mechanically 
decoupled radioisotope hea ters ,  or the a l te rna te  design using the passive 
heater  with a second su r face -mi r ro r - type  rad ia tor .  In addition, radioisotope 
heat requirements  a r e  lower. 

( 1 )  find the minimum heat to make up  night l o s ses ,  ( 2 )  find the maximum 

The analysis  indicates 

Lunar  night operation. - At night, the radioisotope m u s t  supply heat  
equal to the insulation bag and "open circuit" heat  pipe leak: 

- - 
'isotope 'bag leak "€3. P. leak 

With the heat pipe inoperative a t  night, the radiator  wil l  be v e r y  cold and the 
effective cent ra l  station sur face  a r e a  will be 13. 0 ft2.  
insulation bag leak yields 9. 88 W. 

Calculation of the 
This i s  for  - 3 0 0 ° F  on the cent ra l  station 

103 



69-292 

RADIATOR 
RESERVOIR 
2.76 I N.3 

HEAT TRANSFER 
MOUNTING PLATE 3/8 IN. 0 D X 0.016 IN. W.T. 

HEAT PIPE (3 LEGS - 12 IN. EA.) HEATER 
DETAl L A 

i 

MULTI LAYER 

\ 
INSULATION 

RADIATOR, WHITE- 
PAINT, 293 COATING / 

N. 

Figure 48. Central Station Thermal Control Concept 

104 



surfaces .  
pipes with 10.  5-in. adiabatic lengths, the heat pipe leak becomes 0. 22 W. The 
isotope heater  requirement  i s  then 

The radiator  tempera ture  will  be about the same.  F o r  two heat 

= 9.88  t 0. 22 = 10. 10 W 'isotope 

and the heat pipe leak i s  

of the total  heat loss .  

The reason  that  the heating requi rement  is low--compared to the Bendix 
al ternate  design which used a passive hea te r - - i s  that the radiator  is thermally 
uncoupled f r o m  the radioisotope and electronics  at night. 

Lunar day operation. - The radiator  could be sized to f i t  the heat d i ss i -  
pation requi rements  during daytime while using the 10. 10-W heater .  A m o r e  
flexible design resu l t s  by choosing a suitable radiator  s ize  to  f i t  on the top of 
the cent ra l  station equipment package, and then calculating the upper limit of 
radioisotope and/or  e lec t r ica l  power which can be dissipated.  Then, 

- - 
isotope (max)  'radiated -'absorbed -'elect -'leak in  Q 

2 A 2. 7 - f t  radiator  will easi ly  f i t  on top of the cent ra l  station. F o r  
0. 063-in. -thick aluminum and the two heat pipes,  a radiator  effectiveness of 
approximately 0. 93 wil l  resul t .  
will  be used. 

A white paint coating with c y =  0. 02 and E = 0. 9 
The radiator  capabili t ies become 

= 64.8 W *ab sorbed 

If a maximum radiator  tempera ture  of 110°F is allowed ( this  c o r r e -  
sponds to a maximum electronic  t empera tu re  of approximately 120 O F ) ,  

= 119.4 w 'radiated 

Calculation of the heat leak in through the insulation bag yields 'leak in 
= 3 . 4  W. 
sur face  of the cent ra l  station (except the rad ia tor )  reaches 250°F ( the lunar  
sur face  tempera ture) .  By proper  coating of the sur faces ,  this tempera ture  
could be reduced and heat leak-in reduced proportionately. 

This  is conservatively high because it a s sumes  that  the en t i re  

With e l ec t r i ca l  power of 33. 0 W, the daytime heat balance yields 

= 119. 4 - 64. 8 - 33. 0 - 3 . 4  = 18. 2 W *isotope (max) 

Thus,  an  isotope heater  in the range 10. 1 to  18. 2 W would m e e t  the c r i t e r i a ,  
and the electronics  would be controlled between t 3 0 "  and t 1 2 0 " F .  
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With a 238Pu-fueled capsule,  dec rease  in heat  output during 1 year  would 
be negligible. With a 147Pm hea ter  (originally a t  18. 0 W, for  example),  the 
heat  output a f te r  1 year  would be about 13. 8 W.  
10. 10-W minimum power required and would allow for  36% uncertainty in the 
heat leakage t e r m .  No sunshields a r e  required over the white paint radiator  
sur face .  

This  is still above the 

Heat pipes would be required to  handle a maximum of only 51 W, or  
about 25 W each. Heat pipes of the s i ze  used  could easi ly  handle 100 W each 
if the radiator  a r e a  were  provided. 
allowed between the heat pipe evaporator  (heat  input) region and the rad ia tor ;  
th i s  is conservatively high. 

A 10°F  tempera ture  drop  has been 

The g rea t e s t  uncertainty of this design is the calculation of heat leaks 
through the insulation bag. But the self-regulating hea t /  radiator provides 
the flexibility to  accommodate var ia t ions o r  degradation of insulation and still 
maintain the rma l  control.  

Self-regulating heat  pipe design. - The two heat pipes fo r  the cent ra l  
station wil l  be s imi l a r  to the one used for ba t te ry  the rma l  control.  Thin 
s ta in less  s t ee l  tubing is used t o  reduce axial  conduction during night 
operation. 

During daytime operation, the ine r t  gas  will  be contained by the gas 
r e se rvo i r  a t  llO"F, the radiator  tempera ture .  A t  night, the gas  wil l  expand 
to  f i l l  the rad ia tor  and adiabatic sections of the heat pipe, and will be a t  an 
average  tempera ture  of about 200"R ( - 2 6 0 ° F ) .  
relationship,  the ine r t  gas  r e se rvo i r  s ize  can be determined a s  a function of 
the working fluid used.  

By u s e  of the ideal  gas  

Meeting other miss ion  requirements .  - The other  miss ion  requirements  
wil l  be m e t  by the self-regulating heat  p ipe / rad ia tor .  
life will  not be a problem if the rad ia tor  coating i s  protected. 
wil l  be inser ted  in the cent ra l  station by the as t ronaut  while on the lunar 
surface.  
lunar  fl ight will  be accomplished by appropriate  positioning of these i tems  
within and on the lunar  module. 

The 2-year s torage  
The capsule 

Tempera tu re  control of the electronics  and the heater  during t r a n s -  

The rma l  Control Summary  and Weights 

The principle p a r a m e t e r s  involved in the t h e r m a l  control sys t em design 
Weights w e r e  calculated f o r  the th ree  components a r e  presented in  table 23. 

of each sys tem.  
weight o r  equipment mounting/heat- t ransfer  plates.  
should not differ significantly f r o m  those descr ibed in  the Bendix Corporation 
design, but the heat t r ans fe r  mounting plates might  dec rease  in  weight 
slightly s ince the heat pipe t r a v e r s e s  a longer path f o r  heat  collection. Resul ts  
show that  the ba t te ry  pack t h e r m a l  control  sys t em would weigh 1. 52 lb, and 
the cen t r a l  station system would weigh 5. 02 lb. 

These  weights do not include the mult i layer  insulation bag 
The insulation bags 
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TABLE 23 

THERMAL CONTROL SUMMARY 
~~~ ~ ~ ~~ 

Radiator - (A1 sheet with white 
sur face  coating 

2 

Q / E  = 0. 2/0. 9) 

A r e a  ( f t  ) 
Thickness (in. ) 
Effectiveness 
The rma l  dissipation (W,  net maximum) 
Max t emp  ( O F )  

Min temp ( O F )  

Heat  pipes - stainless s tee l  

Number 
Size (in. ) 

Length (in. ) 
Max heat t ranspor t  ( W )  
Max t emp  ( O F )  

Min t emp  ( O F )  

Reservoir  volume (in? fo r  methanol) 

Radioisotope capsule 

Number 
Maxpower  (W) 
Min power (W) 

Diameter  (in. ) 
Length (in. ) 

Weights (lb) 

Radiator 
Heat pipes 
Isotope heater (plutonium fuel) 

Total 

Centr a1 
Bat te ry  station 

0. 61 
0. 050 
0.93 
8. 2 
90 
-300 

1 
0. 375-OD x 
0. 016-wall 
28. 5 
8. 2 
100  
40 

1. 34 

1 
3. 7 
2. 1 

1.913 
2. 289 

0.43 
0. 35 
0. 74 

1. 52 

2. 70 
0. 063 
0. 93 
54. 6 
110 
-300 

2 
0. 735-OD x 
0. 016-wall 
72 
27. 3/pipe 
120 
30 

0. 34 

1 
18. 2 
10. 1 

2. 275 
2. 793 

2. 4 
1. 1 
1. 52 

5. 02 
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Selection of Radioisotope Heaters  

S izes  and power levels  of s m a l l  radioisotope hea te r s  being studied a t  
DWDL a r e  compatible with the space and power requirements  of t he rma l  
control sys t ems  for  both the ba t te ry  and cent ra l  station. 

Bat tery.  - The required power level  f o r  t he rma l  control  of the ba t te ry  i s  
a minimum of 2. 1 and a maximum of 3 . 7  W .  
methium o r  plutonium fue l  would be appropriate  f o r  this application if  the 
fuel were  diluted sufficiently to resu l t  in  the des i red  power level. An init ial  
power level  of 3. 6 W using promethium would resu l t  in an  output of 2. 76 W - -  
well  above the minimum--a t  1-year  miss ion  termination. F o r  a plutonium- 
fueled capsule, originally a t  3 . 6  W, the dec rease  in output over  1 year  of 
operation would be negligible. 

The 10-W hea ters  using pro-  

The 10-W cylindrical  hea te rs  have the following weights and outer 
dimensions: 

F u e l  Weight D iame te  r Height 

Pm 1. 014 lb 2. 056 in. 2. 544 in. 

P u  0. 740 lb 1. 952 in. 2. 388 in. 

Dilution of P m 2 0 3  by Sm2O3 and of P u 0 2  by U 0 2  would resu l t  in  negligible 
changes in capsule weights. 
compatible with the available volume fo r  the hea ter  a s  shown in f igure 46. 

Outer dimensions of the 10-W capsules  a r e  

Cent ra l  station. - Therma l  control requirements  of the cent ra l  station 
indicate a minimum hea ter  output of 10. 1 and a maximum of 18. 2 W. 
hea te r  using promethium o r  plutonium fuel  would m e e t  these requirements  if 
the fue l  w e r e  suitably diluted by Sm2O3 or  U 0 2 ,  respectively.  
power level  of 18. 0 W, using promethium, would r e su l t  in  an  output of 
1 3 . 8  W--well above the 10. 0-W minimum--af te r  1 year  of operation. 
flattening of plutonium-fueled capsules would be negligible. 
c a l  hea te r  has  the following weights and outer  dimensions: 

A 25-W 

An init ial  

Power 
A 25-W cylindri-  

F u e l  Weight Diameter  Height 

Pm 2. 04 lb 2. 432 in. 3. 028 in. 

Pu  1. 52 lb 2. 275 in. 2. 793 in. 

Fue l  dilution would have a negligible effect on capsule weights. The 
outer dimensions of the 25-W capsules  a r e  compatible with the available 
volume fo r  the heater  a s  shown in f igure 48. 

MANUFACTURING PROCESSES AND QUALITY ASSURANCE 

DWDL!s cu r ren t  appra isa l  of activity required to manufacture radio-  
isotope hea te r s  i s  shown in figure 49. Fue l  preparat ion flow d iagrams a r e  
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shown in figure 50 for both promethia and plutonia. 
g r a m s  for assembly,  inspection, and delivery of promethia-  o r  plutonia- 
fueled hea ters  a r e  shown in figure 51. 
f o r m  the bas is  for the manufacturing processes  and quality a s su rance  plan 
d i  scus  sed below. 

Manufacture flow dia- 

Standard McDonne11 Douglas procedures  

Approach 

The intent of this plan is to meet  the requirements  of the Interagency Safety 
Evaluation Panel  and the Space Council. 
tions NPC 200-2  and NPC 2 5 0 - 1  as applicable to the Radioisotope Heater  
Development P r o g r a m  to design, develop,  t e s t ,  fabr icate ,  and qualify sma l l  
radioisotope hea te r s  for manned spacecraf t  t he rma l  control applications. 

It i s  consistent with NASA publica- 

Established McDonnell Douglas Astronautics Company operating policies 
and procedures  provide guidance, disciplines,  and a s ses smen t s  to a l l  phases 
of the program-- f rom design through testing and del ivery of flight-qualified 
products . 

Additions and revisions to MDAC policies and procedures  a r e  audited f o r  
conformance t o  this plan; appropriate  support i s  provided to ensure  that the 
manufacturing and quality level  attained i s  commensurate  with contractual 
requirements .  

Quality P r o g r a m .  - DWDL will organize phases I1 and I11 of the p rogram 
in a manner  that a s s u r e s  that quality requirements  a r e  determined and satis- 
fied in all phases of contract  performance. DWDL will make product changes 
a s  required t o  enhance heater  component performance and reliabil i ty a t  the 
ea r l i e s t  possible point in development and fabrication. This plan provides 
t imely prevention and detection methods, cor rec t ive  actions,  and documen- 
tation of all nonconformances. Objective evidence of conformance, including 
applicable r eco rds  of inspections and t e s t  resu l t s ,  will be readily available 
to the contractor  or  designated representat ive.  

The DWDL quality a s su rance  and manufacturing policy and objectives a r e  
established by MDAC standard pract ice  bulletins and implemented by standard 
pract ice  memoranda.  B y  working with cus tomers ,  subcontractors ,  industry,  
and the contractor ,  the highest s tandards of product quality a re  developed 
and maintained. 

Quality P r o g r a m  P lan  

Quality Assurance  p rogram plans a r e  prepared consistent with the basic  
format  and requirements  of NPC 200-2 .  
maintenance of a n  effective quality a s su rance  p rogram f r o m  design concept 
through delivery.  

These  include establishment and 
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Quality Assurance  personnel have organizational f reedom to identify and 
assess quality problems; and the responsibil i ty to recommend and/or  initiate 
solutions. 

A simplified flow char t  of the total  quality p rogram is shown in f igure 52. 

Design and Development 

P h a s e s  I1 and 111 will be organized in a manner  to provide close coordina- 
t i o n  between the var ious functions at DWDL. 
consideration in the development of the quality program plan. 

Product  quality is the pr ime 

Drawing and specification review. - The MDAC Engineering Drafting 
Manual and drawing r e l ease  sys tems ensure  that all Development Engineering 
documents re leased  for  manufacture,  processing, o r  procurement  contain 
adequate requirements  for determining and controlling quality. This control  
i s  applied to completely definitive drawings that provide design, development, 
and fabrication direction; to procurement  drawings that provide design and 
development direction and guidance to vendors and subcontractors ,  and 
establish hardware  acceptance c r i t e r i a ;  and to specification drawings that 
control the procurement  and processing of mater ia l .  

~ 

Inspection and t e s t  methods. - Inspection methods a r e  established by 
Reliability Assurance through a review of Development Engineering drawing 
r e l eases .  F o r  i t ems  of DWDL manufacture the inspection methods a r e  docu- 
mented on the appropriate Fabricat ion Outline (FO)  o r  Assembly Outline ( A O )  
to ensure  control of manufacturing processes .  
spection methods a r e  documented on Inspection Operation Sheets (10s) for u se  
in source  o r  receiving inspection. 

F o r  supplier i tems,  the in- 

A l l  t e s t  requirements ,  except for government o r  industry standard par t s ,  
a r e  re leased by Development Engineering. 

Qualification testing. - Qualification t e s t s  a r e  discussed in the Qualification 
T e s t  P lan  section of this report .  
and quantities of radioisotope capsules and stand-in capsules a r e  included. 

Specific qualification c r i t e r i a ,  and number 

P r i o r  to  conducting the qualification tests, and following rework, r epa i r ,  
o r  d i sassembly  of the tes t  specimen, the hardware  i s  inspected for confor- 
mance to Development Engineering drawing requirements ,  and submitted for  
functional acceptance tes t s .  Instrumentation and measurment  equipment used 
in qualification tes t s  a r e  verified to be within calibration t ime l imits  by 
Reliability Assurance . 
testing a r e  documented on Fa i lure  and Rejection Reports  by Reliability 
Assurance as requested by Development Engineering. 

Hardware fai lures  occur  ring during qualification 

F o r m a l  qualification or  acceptance tests demonstrate  that the radioisotope 
hea ters  mee t  established requirements  under var ious combinations of s e rv i ce  
environments.  
the controlling document and will comply with the t e s t s  specified by the Inter-  
agency Safety Evaluation Panel.  Tes t  environments and test levels fo r  fo rma l  
qualification o r  acceptance do not exceed those for  the companion qualification 
tes t s .  

The T e s t  Control Drawing (TCD) for the qualification test is 
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Data submit ta l  requi rements  for  fo rma l  qualification t e s t s  specify that 
drawings,  specifications,  t e s t  plans, TCD's ,  and procedures  a r e  to  b e  sub-  
mitted to the customer pr ior  to  the scheduled tes t  s t a r t  date .  The t e s t s  a r e  
conducted under DWDL direct ion and control.  T e s t s  a r e  witnessed by Rel i -  
ability Assurance  and the technical monitor o r  his  designated representat ive.  

Identification and T r ac eab i l  it y 

All  i t ems  ( p a r t s ,  components, o r  a s sembl i e s ) ,  both fabricated and 
procured,  a r e  subject to  review by Engineering f o r  identification ( s e r i a l  
numbers ,  lot code, or  date  code) and t raceabi l i ty  requi rements .  The final 
determinat ion and effectivity of these  requi rements  i s  subject t o  review by 
the customer o r  designated representat ive.  

The purpose of identification i s  to  co r re l a t e  r e c o r d s  and documentation 
Identification i s  accomplished by application with the associated hardware .  

of a s e r i a l  number ,  lot code, o r  date  code to  selected par t s ,  components, 
s uba s s emb lie s , and end - it ems. 

The purpose of t raceabi l i ty  is  to provide the capability to  re t r ieve  r e -  
ceiving, fabrication, assembly ,  installation, and t e s t  r eco rds  of selected i tems  
of hardware  relat ive to  end- i tem use.  Traceabi l i ty  i s  accomplished by applica- 
tion of the ser ia l  number,  lot code. o r  date  code to selected hardware  i tems ,  
and 
rrient, manufacture,  end- i tem installation, and checkout. 

generation of continuous r e c o r d s  through all applicable phases of p rocure -  

Control of DWDL-Procured Material  

DWDL i s  responsible  for  the adequacy and quality of a l l  procured i tems  
and se rv ices  unless  otherwise directed in writ ing by the cus tomer .  
Assurance ver i f ies  and a t tes t s  t o  the conformance t o  specified Engineering 
requi rements  of all  purchased ma te r i a l s  and a r t i c l e s .  

Reliability 

Selection of procurement sou rces .  - The selection of procurement  
sou rces  is  based upon the supp l i e r ' s  his tor ical  r eco rds  or  survey  r epor t s .  
Reliability Assurance reviews and 
p r o c u r e nie n t s our c e s . 

provides comments  on the adequacy of all 

Pu rchase  o r d e r s  and subcontract  documents include bas ic  technical r e -  
qu i rements ,  government source  inspection requi rements ,  vendor sou rce  
inspection requi rements .  source  inspection s ta tements ,  subcontractor  quality 
p rogram requi rements ,  raw ma te r i a l s  specifications,  and identification, p re -  
servation: and packaging specifications.  

Vendor sou rce  inspection. - Products  a r e  requi red  to be in s t r i c t  con- 
formance to  the requi rements  of the procurement documents. 
Assurance m a y  elect  to  use  the suppl ie r ' s  objective evidence in l ieu of dup- 
licating the inspection effort tchen validity of such  evidence has  been verified.  

Reliability 
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Receiving inspection. - DWDL receiving inspections ensu re  that: 

1 .  A l l  a r t i c l e s  have been properly qualified in accordance with 
requi rements  of the applicable specifications;  
ification testing, o r  that omission of specific t e s t s  has  been justified and 
approved by the appropriate  Development Engineering Section and recorded  
on the Design Review L i s t .  

a r e  designated for qual-  

2 .  A l l  hardware  has  been inspected by the supplier in accordance with 
the purchase o rde r  requi rements ,  and sat isfactory evidence of inspection 
is submitted with each a r t i c l e  o r  subassembly.  

3 .  No apparent  damage has  occurred  in t rans i t .  
a t  the source  by DWDL a r e  inspected and tes ted upon receipt .  

I tems not inspected 

4. Nonconforming ma te r i a l  is re jected and submitted to Mater ia l  
Review ( r e f e r  to discussion under Nonconforming Mater ia l ) .  
and nonconforming ma te r i a l s  a r e  re turned to the supplier unless accepted 
by Mater ia l  Review action. 

Incomplete 

5. Phys ica l  separat ion of r aw mater ia l  and purchased fabricated 
a r t ic les  is accomplished. 

C ont r o l  of Gove r nmen t - Furnished Mat e r ia l  

DWDL maintains accountability r eco rds  of receipt ,  s torage ,  issuance, 
r eco rds  control,  and t r ans fe r  of a l l  government-furnished mater ia l .  

Receiving. - Quantity and identity of incoming shipments  a r e  verified as  
specified on the government shipping documents.  Receiving inspections are  
made to ensu re  identity, evidence of government inspection acceptance,  pack- 
aging and p re  servat ion,  requi red  documentation, obvious damage,  omis  s ions, 
and oversights .  

Storage.  - Mater ia l  is s tored  by contract  number in bonded s torage  to 
ensu re  protection and preserva t ion  in conformance with sound industr ia l  
pract ices  and applicable contractual  requi rements .  Appropriate  s torage  
inspection is  made  to a s s u r e  that quality and s torage  conditions 
s pec i f  icat  ions. 

conform to  

Nuclear ma te r i a l s  control.  - Government-furnished radioisotope fuels  
( spec ia l  nuclear  and/or  byproduct ma te r i a l s )  is controlled f r o m  receipt  
through final a s sembly  according to  applicable AEC requirements .  
safeguards a r e  provided under federa l  regulations,  at DWDL's nuclear  
facil i t ies.  Responsibility fo r  accountability and control  of nuclear  ma te r i a l  
has been established and is maintained by the DWDL Nuclear Safety Officer 
i n  accordance with AEC regulations.  

Adequate 
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Control  of DWDL- Fabr ica ted  Ar t ic les  

Reliability Assurance  inspects and tests (o r  ver i f ies  tes t ing of) the pro-  
duct for  conformance to  applicable engineering drawings,  t e s t  p rocedures  
specifications,  and other documents. These inspections and t e s t s  ensu re  that 
the reliabil i ty inherent in the design is maintained during manufacture of 
radioisotope-fueled capsules .  
a re  maintained. 

Complete r eco rds  of these  inspections and t e s t s  

Engineering drawings a r e  sufficiently comprehensive that they can  be  used 
for  inspection of the product. 
p repared  by Manufacturing Engineering and process  direct ions prepared  by 
Methods and Mater ia l s .  

Supplementary instructions a r e  t e s t  procedures  

P r i o r  t o  implementation, Reliability Assurance  reviews the planning 
of t e s t s  and inspections,  and genera tes  requi red  Inspection Operation Sheets ,  
s tandard pa r t s  t e s t  specifications,  and other  instructions as required.  Inspec- 
tion and t e s t  planning commences with manufacturing and extends through 
final end-item t e s t s .  
the documents provide adequate inspection points and special  documentation 
r eco rds  . 

Review of manufacturing and t e s t  planning ensu res  that 

Nonconforming Mater ia l  

Reliability Assurance is  responsible  for the detection and report ing of 
nonconforming materials. Upon detection, all nonconforming ma te r i a l  is  
promptly removed f r o m  the manufacturing s y s t e m  and impounded, i f  pract ical ,  
for  disposit ion and for  completion of the Fa i lu re  and Rejection Report .  

The Mater ia l  Review Board (MRBI is a f o r m a l  DWDL board established 
to de te rmine  the disposition of minor  nonconforming ma te r i a l  and recommend 
disposi t ion of m a j o r  nonconforming mater ia l .  
upon other  government or MDAC personnel  to act  in an  advisory  o r  consultant 
capacity;  such  personnel  will have no vote in board  decis ions.  

Members  of the board m a y  ca l l  

Inspection, Measurement, and T e s t  Equipment 

Reliabil i ty A s s urance ,  in coordination with Manufacturing Engineering, 
Fac i l i t i es ,  and Engineering Labora tor ies  and Serv ices ,  provides for  selection, 
evaluation, approval,  maintenance, and control  of inspection s tandards ,  gauges 
and measur ing  and t e s t  equipment n e c e s s a r y  to ensu re  conformance with 
specifications,  drawing, and cont rac t  requi rements .  This  includes production 
tools and automated equipment incorporating an  inspection, measur ing ,  or  
tes t  function. 
e n s u r e s  continued uniformly accu ra t e  measurements .  Reliability Assurance  
superv ises  the maintenance of r e c o r d s  of recal ibrat ion s ta tus ,  condition, and 
cor rec t ion  o r  r epa i r  of inspection, measuring and tes t  equipment. 

All  equipment is used in an  environment and a manner  that 
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Inspection Stamps 

DWDL's inspection s tamp control sys t em includes, but i s  not l imited to: 

1. Stamps, decals ,  s ea l s ,  and methods of application to identify i tems  
as they undergo in-process  inspection, par t ia l  inspection, final subassembly 
inspection, functional tes t s ,  and final end-i tem inspection. 

2. Records that provide t raceabi l i ty  of each s t amp  to the individual 
responsible for  i ts  use.  

3 .  Affixing of s tamps  on conforming i tems,  indicating that inspections 
have been performed (if this is imprac t ica l  because of a physical limitation, 
or when s tamps will compromise quality, they a r e  applied to tags ,  ca rds ,  o r  
labels and attached to the individual i t ems) .  

Stamp designs do not resemble  Government inspection s tamps .  

Preserva t ion ,  Packaging, Handling, Storage, and Shipping 

DWDL has  cu r ren t  AEC l icenses  for  special  nuclear source ma te r i a l  and 
byproduct mater ia l s .  These  l icenses  permi t  possession, processing, t ransfer ,  
and shipment of any o r  all of the l icensed ma te r i a l s  to any point within the 
continental l imits  of the United States by common c a r r i e r  in ICC-approved 
shipping containers or  ICC-Specification containers in compliance with the 
regulations in Title 10, P a r t  70 of the Code of Fede ra l  Regulation and other 
applicable government regulations.  
for the packaging of radioactive and f iss i le  ma te r i a l s  (AEC Manual, Chapter 
0529)  for  t ransportat ion f r o m  facil i t ies not subject to  1 0  CFR P a r t  71, and t o  
es tabl ish responsibil i t ies for issuing AEC cer t i f icates  of approval for such 
packages. 

The AEC has established safety standards 

Training and Certification of Personnel  

Certain specified functions and operations a r e  performed by trained and 

Engineering and Manufacturing Engineering 
certif ied employes to ensure  the integrity of the end-product or to comply 
with contractual requirements .  
identify affected functions and operations which mus t  be performed by trained 
certif ied employes.  
qualified personnel able to  pe r fo rm in specific c r i t i ca l  ski l l  a r e a s .  
Industrial  Training P r o g r a m  provides cu r ren t  training courses  that support 
Reliability Assurance,  Manufacturinq, and other groups responsible for  pro-  
duct quality. 
advances . 

Continuous training provides an  adequate number of 
The MDAC 

Skill levels a r e  verified and expanded concurrent  with technology 

Data Reporting and Correct ive Action 

Procedures  and responsibil i t ies are established by DWDL for  collection 
and analysis of fa i lure  and quality data result ing f r o m  testing, inspection, and 
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use  of procured and produced ar t ic les .  
sibil i t ies include 
action on reported deficiencies throughout the manufacturing and test program 
by DWDL and subcontractors.  
A s s u r  ance . 

Procedures  and assigned respon-  
effective followup to ensu re  timely and adequate cor rec t ive  

Data a re  collected and updated by Reliability 

P r o g r a m  Documentation and Reporting 

DWDL will develop the defined documentation for the Radioisotope Heater 
Development P r o g r a m .  
a r e  submitted pr ior  to implementation and according to contractual requi rements .  

Documents requiring customer review and/or  approval 

Inspection procedures  f o r  fabrication, assembly,  and test operations a r e  
an  integral  par t  of the manufacturing document, and assembly  and fabrication 
outlines. 
adequate coverage by Reliability Assurance.  
a r e  issued when required.  

These documents a r e  reviewed pr ior  to implementation to ensu re  
Special inspection procedures  

T e s t  procedures  a r e  writ ten by Engineering. Manufacturing Engineering 
is responsible for issuing fabrication o r d e r s  and assembly  outlines, as 
applicable, for performance of required acceptance tes t s  in accordance with tes t  
procedures .  

Manufacturing and operating instructions a r e  controlled through these 
activit ies.  
Engineering Order .  

Detailed manufacturing documents a r e  updated to ref lect  the 

Manufacturing and Inspection Methods 

P r o g r a m  management at DWDL a s s u r e s  rigid control of radioisotope 
hea ter  manufacture and inspection methods through the use  of a var ie ty  of 
specifications prepared to specific requirements  established by the work 
authorizations and engineering r e l ease  sys tem.  
by Engineering with review and/or  contributions f r o m  Manufacturing, Reli- 
ability Engineering, Purchasing,  Safety, Mater ia ls ,  and Research.  Where 
required,  customer review and approval i s  obtained. 

Specifications a r e  prepared 
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PROGRAM PLANS AND BUDGETARY COST ESTIMATES 

This section d iscusses  the p rogram plan and presents  budgetary cost  
es t imates  for accomplishing the final design, hardware  development and 
fabrication, and inspections and t e s t s  necessa ry  to qualify a selected group 
of hea ters .  

The phase I p rogram was s t ructured into tasks  covering the major  tech-  
nical  areas of design and safety analysis ,  ma te r i a l s  selection, manufacturing, 
and quality assurance.  
description and s ta tement  of the phase 11 and phase 111 work required to suc-  
cessfully fabr icate  and qualify hea ters .  
ing a detailed design evaluation based on the phase I re fe rence  designs,  the 
ma te r i a l s  selected,  and the development t e s t  program. The types of tes t s  
a r e  specified and prel iminary test conditions defined. Based o n  this infor- 
mation, Manufacturing and Quality Assurance  can formulate  plans and es t i -  
ma tes  for fabrication and inspection of the hea ters .  
ing will determine the requirements  f o r  development and qualification t e s t  
programs.  

One output of these individual tasks  was a detailed 

Phase I1 will be  initiated by per form-  

Similarly,  T e s t  Engineer-  

Close l iaison with the customer concerning definition of the required 
safety t e s t  p rog ram will be necessa ry  in order  to p repa re  for Interagency 
Safety Evaluation Pane l  and Space Council approvals for ult imate flight applica- 
tion. 
availability of the radioisotopes when needed. 
activity with the customer will minimize the elapsed t ime f r o m  phase I com-  
pletion to initiation of the subsequent phases. 

Fue l  del ivery requirements  and lead t imes  will be established to  ensu re  
Coordination of the planning 

P r o g r a m  plans, cos t  es t imates ,  and p rogram schedules a r e  presented 
for a total p rog ram consisting of 10- and 50-W reference  designs for  both 
plutonia b a r e  mic rosphe res  and promethium c e r m e t  fuels. The total  p rog ram 
includes not only safety and design engineering cos ts  but a l so  development and 
qualification, facility, ma te r i a l s ,  and fabrication cos ts .  In addition, optional 
programs a r e  presented a s  a l ternate  methods of approaching the goal of flight- 
qualified radioisotope hea ter  s .  

Final  Detailed Design and Safety Analysis 

During phase 11, a final detailed design, based on the re ference  designs 
and data produced in phase I, will be prepared to incorporate changes and r e -  
commendations specified by the cus tomer  and u s e r  agencies.  Detailed mate- 
rials specifications and manufacturing 
customer approval as required,  and incorporated in  the working drawings 
together with the requirements  for  quality assurance .  

p rocess  s tandards will be prepared for 

During manufacture and assembly  of representat ive hea ter  components, 
continuous l iaison will be  maintained with Quality Assurance to maintain 
working drawings to r ep resen t  the "as-built" condition of the completed hea ter .  
Quality Assurance  will be responsible for  ensuring that the manufacturing 
process  and quality a s su rance  plan outlined in the previous section is being 
adhered to. 
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The safety analysis  initiated during phase I and continued in phase I1 will 
be finalized by completing the following documentation and analyses:  

1. In te r im revis ions of the re ference  design, accident model, and 
safety analysis r epor t s  will be prepared.  
analytical  and experimental  phase I1 resu l t s .  

These documents will contain all 

2. A probabilistic accident model will be formulated which includes 
miss ion  constraints  as var iables .  
sever i ty  vs  miss ion  use  will be determined. 

Accident probabilities as well  as probable 

3 .  Requirements of the safety analysis repor t  necessa ry  for  flight 
safety approval will be outlined. 

During the phase I program, a sys tems approach to the safety and design 
analysis problem was developed. This approach, shown in block d i ag ram 
f o r m  in f igure  53, will be continued in the phase I1 and phase I11 programs.  
P a r a l l e l  t e s t s  and analyses will be conducted during phase 11. This is an  
i terat ive process  requir ing tes t  resu l t s  to be constantly reviewed and the 
mathematical  models and hea ter  designs appropriately modified. 
will r e su l t  in a final design that meets the s t r ingent  safety c r i t e r i a  and has a 
high probability of being safe under a l l  credible  conditions and environments.  
Finally, this analysis will be completed during phase I11 on the flight-qualified 
hea ters  and will f o r m  the bas is  for the safety analysis report .  

This  p r o c e s s  

Manufacturing Pr oce s s e s  and Inspection Techniques 

Based on the manufacturing processes  and quality a s su rance  plan p re -  
viously outlined, detailed manufacturing p rocesses  and inspection techniques 
will be developed for manufacture of the hea ters  to minimize leadtimes for  
fl ight-i tem procurement  and manufacture.  
include the la tes t  proven processes  and inspection, quality assurance ,  and 
qualification techniques. 
the requirements  and procedures  involved f r o m  initial ma te r i a l  procurement  
to final assembly  and delivery.  
reliabil i ty and t raceabi l i ty  of par ts .  
will be maintained to  ensure  reproducibility of fully qualified fueled hea ters .  
Specific objectives will be to: 

The basic  manufacturing plan will 

Specifications will be prepared to establish and cover 

In-process  control will be made for complete 
F o r m a l  documentation and recordkeeping 

1. Incorporate phase I resul ts  to simplify fabrication and minimize 
development costs  without altering the functional reliabil i ty of the capsules .  

2. Design adequate tooling and f ixtures  for  the program.  

3 .  Determine the validity of fabrication and testing procedures .  

4. 
procedures .  

P r e p a r e  specifications for ma te r i a l s  procurement  and fabrication 

5. 
capsules of the re ference  designs to rigid specifications and high-quality 
s tandards.  

Demonstrate  the feasibility of manufacturing radioisotope-fueled 
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6. Evaluate new p rocesses  and process  modifications for  applicability 
to  fueled capsules.  

7.  Apply advances in technology to  minimize t ime and cost. 

Inspection techniques will be  used to  ensu re  rel iable  flight-type hardware .  
Inspections to  be performed,  and points in the fabrication sequence where  
these inspections a r e  required,  will be carefully followed. Cur ren t  techniques 
wil l  be reviewed and modified as necessary .  
the required pa rame te r s  will be developed as needed and incorporated into the 
fabrication process .  
ab i l  ity and t r ac  eab il it y . 

New methods of measur ing  

In-process  control  will be followed for  complete r e l i -  

Prototype Hardware Development and Development Tes ts  

A detailed plan f o r  development and testing of hea te r  hardware  and 
prototype hea te r s  has been developed. 
tes ted individually and /o r  in combination with related components. 
ment  testing and design will be a n  i terative process .  

Each  component of a hea ter  will  be  
Dev,elop- 

A s u m m a r y  of the development t e s t s  identified for  phase I1 is  shown 
table 24. 
the 10- and 50-W hea ters  using promethia and plutonia fuels;  
t e s t  objectives, requi rements ,  ma te r i a l s ,  numbers  and s i zes  of specimens,  
equipment, and facil i t ies where the t e s t s  can be performed.  

in 
The table includes a complete development t e s t  p rog ram for  both 

i t  descr ibes  the 

It i s  recognized that because of schedule and /o r  budget constraints ,  it m a y  
not be possible to pe r fo rm all of these  t e s t s .  The following t e s t s I  however,  
a r e  considered the minimum required to ensu re  development of flight-qualified 
hardwar e: 

1. 

2. 

3. 

4. 

5. 

6.  

7. 

8. 

9 .  

10. 

Vibration 

Therma l  shock 

Therma l  cycling 

Dynamic p r e s s u r e  loading and the rma l  s t r e s s  

Steep -angle reent ry  heating 

Gliding r een t ry  heating 

Launch explosion 

Reentry impact tes t s  ( s e r i e s  I) 

Reent ry  impact tes t s  ( s e r i e s  11) 

High-temper a ture  burs t  
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TABLE 24 

SUMMARY O F  DEVELOPMENT TESTS FOR PHASE I1 

RE(I"IREMENTS FOR 
TESTS 

SIECIAL 
FACIUTY iNSTRUMENTATION 

&NO108 EWUIPMENT 

DROP CALORIMETER 

OILATOMETER 
THERMAL 
CON0 MEASVRINO 

1 EMISSIVITY OF ABLATOR THERMOPHYSICAL 
THERMAL CONDUCTIVITY AND MECHANICAL 

INICALPROPERnESoF STRUCTURN. U*ERs 
PROTECTIVE SHELL AN0 FUELFORMS 

MATERIALPROPERTIES OF INSULATION MECH PROPERTIESOFALL 

I - 
EFFECTSOF FUEL 
AGE AND lMPURlTlES 

DOSE RATE AS A 
FCTOF DISTANCE 
ANDSHIELDING 
TWICI(NESS 

RADIATION TESTS 

EFFECTOF POTENTIAL COMPATIBILITY OF 
SWSIELLING AND MATERIALSAND 

THERMAL DEGRADA I TIONOFABLATOR [ESP FOR P"OZl 

TEST AT WEPPEO ELEVATED 
TEMPERATURES IN A VACUUM 

THERMAL HISTORY 
TOSIMULATE A C T U ~ L ~ Y E A R  REFERENCE I 

VERlFlCATlON OF CAPSULE AND ABLATOR 
INTEGRITY IN LAUNCH ANDSHIPPING 
ENVIRONMENTS I VIBRATION TESTS 

PERFORM THREE AXIS RANDOM 
AND SlNUS0lOP.L SWEEP TESTS. 
SCAN FREOUENCY SPECTRVM LL 
NOTE RESONANCES 

ONE t a w n r m o  
ONE 60 WATT REFERENCE 

SAME CAPjULES 
ns ASOYE REFERENCE 

SIMULATE (IVENCH 
OF HEATERS FROM 

EXTERNAL AIBLATOR 

(MPACT IN WATER TOCRYGONE FUEL 

RF PLASMA TORCH, 
DWDL tNDUCTlON HEATING 

I .  U I 

SAME C&Pj"LES 
ASABOVE REF ERE N CE 

CLADDING aNDIR0TECTI"E SHELL 
BONO INTEGRITY OURlNO EXTREME 
MISSION OPERATING TEMPERATURES /I THERMOCYCLtNG TESTS I' :2ROSPHERE 

STAND-IN 

NONE 

TUBE FURNACES 
AND "ACUUMIUMP 

~ 

SUBSONIC DRAG COEFFlClENTS FOR 
POSSIBLE ABLATOR SHAPES WITH 
ROUNOED CORNERS AT VARIOUS 
ANGLES OF ATTaCI 

AERODYNAMICDRAGTESTS 
FOR EACH ABLATOR SHAPE. 

CORNERSLONE WlTH LARGE 
ROUNDED CORNERS 

ONE WITH SL~GHTLY nowmi SHELL 

ABLATOR lNTEQRlTY UNDER S6MULT 
ANEOUSTWERMAL STRESS AND DYNIIMlC 
PRESSURE LOADING CHARACTERISTIC 
O F S T E E P m G L E  REENTRY 

DYNAMIC PRESSURE LOADING 
AND THERMALSTRESS TESTS I 

&RNOLD THERMOCOUPLES. 

CENTER 

TESTSPECIMENS IN ARC 
PLASM& FOR HEAT FLUX. 
PRESSURE. AND ENTHALPY 
LEVELS CHARACTERISTIC 
OF LOW ANGLE REENTRY 

SUBIECTSIECIMENS TO 
OEBRlS FROMTNT 
EXPLoslON. IMPACT 
SPECIMENS WITH PART! 
CLES AT KNOWN VELc€lT'i 

CONTROLLED 
PHYSKS LAB 
ELSEGUNDO 

I MDACAERO LIGHTGAS 
PHYSICS LAB GON.MOTION 
ELSEGUNDO PICTURE COVERAGE 

EFFECTOFAELATOR. 
TEMPERATURE AND 
MLOClTI 

REENTRY IMPACTTESTS SAME AS ABOVE 
SERlES ,I 
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SAME AS ABOVE 

I 

SAME AS ABOVE 

SUBlECTWELOEDSHELLS TO 
ENVIRONMENTAL PRESSURE 
(VIDTHENTOPOINTOF FAILURE I TUNGSTENELEMENT 

ION FURNACE PUMP VACUUM 
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A somewhat higher r i sk  is involved in this l imited test program,  but these 
r i s k s  could be  offset by a m o r e  conservat ive design approach. 

The interrelat ionship and sequence of the development t e s t s  discussed 
in table 24 a r e  shown in figure 54. 
descr ibed  in the table. 
independently, while other  tests a r e  dependent on the resu l t s  of a nu-mber of 
preceding tes t s .  

The rectangular  blocks r ep resen t  the t e s t s  
This f igure shows that some  tes t s  can b e  conducted 

General.  - Cer ta in  tests a re  m o r e  closely re la ted  t o  ma te r i a l s  and their  
These  tests, to be initiated ea r ly  in environrnent than to a par t icular  design. 

phase 11, a r e  discussed below. 

Maker ial p~ operties: One -hour, maximum-vacuum, c reep- rupture  tests 
.;vi11 be  performed o n  a re f rac tory  
capaSility to re ta in  helium, 
to 1320°C (2408°F)  at variou:; p ressures .  

alloy p r e s s u r e  ves se l  to de te rmine  i ts  
The tes t s  will be  per iormed at tei-nperature s u p  

T h e r m a l  condizctivity of the insulation and ablation ma te r i a l s  u sed  will b e  
meas:ir.ed j l i  vaciii.im a t  t e inpcra tures  to 2500°C (4532°F) where data a r e  not 
cur ren t ly  available. 
f r o m  2500” to 3 0 0 0 ”  C (4532” to 5432”F) ,  but this  is cur ren t ly  beyond the 
l imi t s  of existing facil i t ies.  

Consideration will be given to testing at  t empera tu res  

Coefficient of t he rma l  expansion (CTE)  measu remen t s  wi l l  be made on 
p r e s s u r e  vesse l ,  insulation, and r een t ry  ablation ma te r i a l s  over their  temp- 
e r a t u r e  range of operation where  data  a r e  not available.  

Heat capacit ies (Cpl  of ma te r i a l s  for  the capsule will be measu red  over 
their  t empera tu re  range of operation to es tabl ish curves  of Cp vs  tempera ture .  

Hardware tes t s .  - Other tes t s  outlined below mus t  be performed on complete 
hea te r s ,  hea te r  shells, hea t e r s  with stand-in fuel, e t c . ,  to evaluate ma te r i a l s  
compatibility. These  may  be  defined as combined environmental  t e s t s .  

1. 
tube added to one end (to facil i tate pressurization1 will be placed in an induction 
furnace for  10 minutes under specific p re s su res  and at a sur face  t empera tu re  
of 3 0 0 0 ° C  (5432°F)  as  measu red  with an optical  pyrometer .  

High-temperature  bu r s t  - TWO unfueled capsules  with a heavy-wall 

2.  Vibration - Heaters ,  complete in eve ry  respec t  except for fuel, % T i l l  
be hard-mounted and vibration-tested in th ree  orthogonal axes .  
spec t rum will be scanned and any resonances  noted. 
resonance peak f o r  1 hour.  

The frequency 
Tes t s  will be run a t  each 

3. Mechanical shock - Reentry impact t e s t s  will be performed as requi red  
on completed stand-in capsules  a t  the th ree  principle axes and one intermediate  
angle at t empera tu res  and velocit ies considered by analysis  to be m o s t  s eve re .  

Complete stand-in capsules  will be subjected to impact f r o m  metal par t ic les  
to s imulate  impingement of rocket deb r i s  on the capsule .  
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4. T h e r m a l  shock - F o r  the r een t ry  case ,  stand-in hea te r s  will be heated 

The heating r a t e  will be reduced to allow the capsule sur face  
rapidly in the R F  p lasma torch  to  maximum reen t ry  sur face  tempera ture  of 
3300°C (5972°F).  
to cool to impact tempera ture ,  and the capsule will  be water-quenched in a 
100-gal tank of br ine.  

F o r  the launch pad abor t  ca se ,  specimens will  be  placed in  an  a i r -  
a tmosphere  furnace for  15 minutes at 980°C (1796°F) (launch-pad f i r e  temp-  
e ra tu re )  and quenched in LN2 to  s imulate  quench f r o m  f i r e  tempera ture  by 
cryogenic fuel. 

5. Reentry heating - Stand-in hea te r s  will be tes ted in an a r c  p lasma 
using gas enthalpy, gas composition, and integrated heat  flux computed f o r  
representat ive t ra jec tor ies .  
shallow angle ( < 0. lo); high-integrated heat  pulse represent ing reent ry  f r o m  a 
decaying orbit ;  
and a high-angle e a r t h  reent ry  represent ing the wors t  orbi ta l  abort  c a s e s  (90") .  

The t ra jec tor ies  considered will include a 

a superorbi ta l  velocity ea r th - r e tu rn  t ra jec tory  (6.  2 5 "  -90 ' ) ;  

6. 
fuel) - One 10- and one 50-W Pm2O3 heater ,  and one 1 0 -  and one 50-W P u 0 2  
hea ter  will be held at 1000°C for  a specified period of t ime  to  s imulate  an  
actual 20-year t he rma l  h is tory  of a typical capsule,  as de t e rmined  by analysis .  
A t ime-vs- tempera ture  Arrhenius  relationship will be utilized to  de te rmine  
the t ime for  the accelerated tes t .  

Accelerated life t e s t  (compatibility of a l l  ma te r i a l s  layers  with actual 

7. The rma l  cycling - One 10- and one 50-W hea te r ,  using stand-in 
fuels,  will undergo tes t s  simulating tempera ture  cycling that might occur 
on the lunar surface.  
t18O"C ( -292°F and +356"F) a t  the r a t e  of 12 cyc les /day  for 6 months.  

The hea te r s  will be thermal-cycled between - 1 8 0 '  and 

8 .  Radiation dos imet ry  profiles - These will be made  for each of the 
10- and 50-W Pm203 and P u 0 2  hea ters .  

9. Aerodynamic d rag  - Drag coefficients a t  s eve ra l  angles of a t tach will 
be determined for  selected hea ter  configurations, using aluminum models .  

10. Dynamic p r e s s u r e  loading and the rma l  s t r e s s  - Ten-  and 50-W hea te r s ,  
using stand-in fuels,  will be subjected to p r e s s u r e s  up to  12 a t m  under  typical 
t he rma l  conditions. These  tes t s  will s imulate  the rma l  s t r e s s e s  and dynamic 
loads charac te r i s t ic  of steep-angle reent ry .  

11.  Corros ion  tes t s  - T h r e e  capsules  for each  power level will be tes ted 
in s e a  water  and sa l t - spray  environments a t  elevated t empera tu res  to  s imulate  
a 10 half-life h i s tory  for  both Pm- 0 and PuO fuel forms. Capsules ,  with and 

ithout ablator installed, wil l  be  subjected to gurning propellants t o  evaluate 
oxidation b a r r i e r  protection. 

L 3. 

Fabricat ion of Tes t  Hardware  

In accordance with the approved manufacturing p rogram plan, a specified 
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number of each s i ze  of test capsule  will be fabricated.  
fabrication and a s sembly  equipment will be performed.  
control  and documentation encompassing the approved manufacturing processes  
and quality a s su rance  p rogram plan will be followed. 
hardware  will encompass the same p rogram requi rements  as flight-type 
hardware.  

Complete checkout of 
Complete quality 

The manufacture of test 

Manufacture of Flight-Type Heaters  

Using approved and re leased  material specifications, quality control pro- 
cedures ,  approved engineering drawings,  and the resu l t s  of the development 
t e s t s ,  a representat ive group of flight-type hea te r s  will be manufactured for 
del ivery to the customer.  
equipment will be performed.  Complete quality control  and documentation 
encompassing the approved Quality Control P r o g r a m  Plan  will be followed. 
The manufacture of qualified flight-type hardware  will entail all p rog ram 
requirements  f r o m  del ivery and handling of radioactive mater ia l s ,  par ts  
configuration and control, final assembly  and inspections, to delivery of com-  
plete certif ied hea te r s .  

Complete checkout of fabrication and assembly  

Documentation and Licensing 

The contractor  will ob ta in  the special  permit  necessa ry  for  shipment of 
the hea ters ;  per form the hazards  analysis;  and complete the l icense application, 
with the conditions defined, to fulfill the requirements  of the AEC and State 
licensing agencies f o r  a specified number of locations. Consultation necessa ry  
to provide understanding of tes t  conditions will be provided to the agencies.  

The following tasks  will be performed to implement licensing of the loca-  
tions and facil i t ies to handle radioactive mater ia l s  defined in the contract .  
These  procedures  a r e  identical to those completed by D W D L  in obtaining the 
l icense for i ts  nuclear laboratory in Richland, Washington. 

1. Work to be performed involving radioactive ma te r i a l  will be  defined. 

2. Location where the work  will be per formed with radioactive mater ia l  
including finished hea te r s  will be specified. 

3 .  Faci l i t ies  and equipment to be used will be defined; how these facil i t ies 
and equipment will permi t  safe handling and control of radioactive mater ia l s  
will be descr ibed.  

4. Technical capability and training of perscnnel  involved in w o r k  with 
radioactive ma te r i a l  will be documented. 

5. Administrative organization, showing the method of implementing 
the radiation control program,  will be l isted.  

6 .  A hazard  analysis will be made f o r  each work s i t e  where radioactive 
ma te r i a l  i s  to be handled. The s i t e  will be examined and i ts  a tmospheric  con- 
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ditions reviewed. 
sequences determined with respec t  to civilian population and the atmospheric  
condition considered m o s t  detr imental ,  yet occurr ing at the location with 
r eas  onable f r equenc y. 

A wors t  credible accident will be postulated and the con- 

7. Batch s ize  that would r e l ease  sufficient ma te r i a l  to cause maximum 
allowable emergency  dose to  the civilian population at  the s i t e  boundary will 
be calculated. 

8. Batch s izes  below this quantity will be acceptable,  o r  the facility will 
be improved to  reduce potential hazard  to the public. 

9 .  Procedures  will be provided to control  the inventory of radioactive 
ma te r i a l  and d ispersement  to  the work location to  ensure  safe handling and 
accountability. A radiation control program will be established, including 
the necessa ry  procedural  control and dose measurement  p rogram to ensure  
safe  working conditions for  personnel.  

10. 
tained. 
phone or l e t te r  will be documented. 

A file of all correspondence with licensing agencies will be main-  
Response to questions asked by the l icensing agency either by te le-  

Qualification and Acceptance Tes t  P r o g r a m s  

Qualification and acceptance t e s t s  will be  performed on hea te r s  fabricated 
in accordance with the approved manufacturing program descr ibed ea r l i e r  in 
this repor t .  
viously outlined has been prepared and is summar ized  in table 25. 
acceptance tes t s  a r e  descr ibed in table 26. 

A s e t  of qualification t e s t s  similar to  the development tes t s  p re -  
The 

The p r imary  objective of the qualification and acceptance testing p rogram 
is to es tabl ish design and safety reliabil i ty of the final re ference  hea ter  design 
throughout a specified mission profile. Based partly on the resu l t s  of the 
applications study in phase I, environmental  conditions common to a l l  o r  at l ea s t  
a major i ty  of missions are  selected.  These conditions include the c r i t i ca l  
safety environments of reent ry  heating, impact,  ea r th  or s e a  water burial ,  
and vibration and shock which encompass cu r ren t  boosters .  
t es t s  based on these conditions a re  guided by the prel iminary safety analysis.  

Qualification 

All t empera tures ,  velocities, chemical  environments,  etc. , a r e  selected 
to r ep resen t  the mos t  s eve re  c a s e  for  normal  operation and credible  accident 
situations. 
performed on simulated heaters o r  p r imary  capsules  using nonradioactive 
U 0 2  o r  Sm203  as stand-in materials for  238PuO2 o r  147Pm203 respectively.  

Except for  the accelerated life t e s t s ,  qualification tests will  be 

All tests will be performed using control drawings , specifications , 
quality control procedures ,  and approved manufacturing processes .  

T e s t  summary .  - A summary  of t e s t  objectives and requirements  for the 
qualification 
below. 

and acceptance tests to be performed in phase I11 is presented 
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TABLE 26 

Require me nt s 

Measure  
radiation 

Measure  
heat gen- 
e ration 
rate 

1 

ACCEPTANCE TESTS 

Fue 1 
fo  r m  Spe cime ns 

PUO2 All  
and fueled 
Pm203 capsules 

Tes t  
descr ip-  

tion 

1 .  Radia- 
tion 
tests 

2. Ther -  
ma 1 
tests 

Ob j e c t  ive s 

Obtain 
dose 
r a t e s  

Verify 
power 
output 

Facil i ty 

DWDL 

Spe c ia l  
ins t rum- 
tation 

Therma l  
lumine s - 
cence 
do s imete  r 
and calo- 
r imete  rs 

1. Puncture  tests - Tes t s  to  demonstrate  that  the hea ters  will be invul- 
nerable to  handling puncture accidents will be based on the ORNL s t ruc tura l  
C las s  111 safety requirements  ( r e f .  4)  and reference 70. The hea ters  (one of 
each  power level)  will be dropped to  impinge at 3 1 f t / s e c  upon a 1/8-in. - 
diam s tee l  pin with a full radius hardened to RC 6 5  *5. If the final design is  
nonsymmetr ic  with r ega rd  to its major  axes,  s eve ra l  orientations must be 
tested.  

2. C rush  t e s t s  - One of each power-level hea te r  will be loaded along 
i t s  weakest axis  a t  2000 lb for 1 hour (ORNL Class  111 requirement) .  
capsules  will then be  examined for failure.  

The 

3. Shear t e s t s  - One hea ter  f o r  each power level will be loaded in s imple 
shear at 1000 lb  and held f o r  1 hour. 
permissible  shea r  s t r e s s  level  follows ORNL Class  I11 specifications. 

Examination f o r  fa i lure  will follow; the 

4. Hydrostatic tes t s  - One hea ter  fo r  each power level  will be placed in 
an  autoclave a t  10 000 psi  and held for  2 weeks. Per iodic  inspections for  de -  
formation and/or  fa i lure  will be rnade. The p r e s s u r e  level of 10 000 psi  
corresponds to an  ocean bur ia l  depth of about 22 000 f t .  

5. Accelerated l i fe  t e s t s  - One 10- and one 50-W hea ter  for  each  fuel 
f o r m  (147Pm203 and 238Pu02) will be held in a vacuum at normal  peak 
operating tempera tures  long enough to s imulate  a 20-year operating his tory.  
The capsules will be  disassembled,  examined, leak-checked, and s m e a r -  
checked a f t e r  an  equivalent of 8 yea r s  of no rma l  operation. 
be reassembled  and tes ted fo r  the remaining lifetime. 

They will then 

6. Vibration t e s t s  - One hea ter  fo r  each power level  will be ha rd -  
mounted and vibrated in th ree  orthogonal axes. 
be scanned and any resonances noted. The vibrations will mee t  o r  exceed 
the requirements  of 12 hours  a t  0.018 in. double amplitude and 150 cps  on 
each axis ( ref .  70). 

The frequency spec t rum will 
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7. Bur ia l  tests - Analysis per formed to date  indicates that, when buried 
in soil,  the tempera ture  of the p r i m a r y  capsule will be s o  low that no signifi- 
cant cor ros ion  occurs .  However, qualification tests will be performed by 
placing an electr ical ly  heated 10- and 50-W capsule shell in two different soi ls  
of low thermal conductivity, and cor ros ive  charac te r i s t ics  determined over  a 
3 -month period with weekly inspections. 

8. The rma l  cycling tests - One 10- and one 50-W heater  with stand-in 

This test is designed to s imulate  the rma l  changes 
fuel will-be thermalcycled from -180" to t180"C ( -292"  to t356"F)  for 3 
months a t  12 cycles/day. 
during operation i n  lunar  extremes, 

9. Launch explosion tes t s  - The launch pad abort  situation, including 
explosive ove rp res su re  and flying debris ,  will be  simulated. Two capsules 
of each power level  will be  mounted on an aluminum and ti tanium s t ruc tu re  
of a normal  spacecraf t  panel s i ze  and type to  produce a debr i s  environment 
comparable  to a launch abor t  situation. 
under a rocket propellant and a liquid oxygen tank for the tes t .  
be  ruptured and the explosive mixture  ignited. 
with Fastax motion picture film. 

This dummy s y s t e m  will be attached 
The tank will 

will be filmed The sequence 

10. The rma l  shock tests - One heater  of each power level  will be heated 
rapidly with an  R F  plasma torch  to  1800°C (3272°F) maximum reen t ry  impact 
and launch pad f i r e  tempera ture ,  and quenched ei ther  in water  o r  liquid 
nitrogen. 
quench in the booster propellant. 
ma te r i a l s  will be made for  postmortem analysis.  

These  tes t s  simulate r een t ry  quench in water  o r  launch pad abort  
Sectioning and macrographs  of the s t ruc ture  

11. Corrosion t e s t s  - One b a r e  capsule for each  power level  will be tested 
in sea water and salt sp ray  environments a t  elevated tempera tures  to s imulate  
a 10 half-life h i s tory  for both Pm20 and PuO fuel fo rms .  Examinations for 
ma te r i a l  degradation will be made  a? selected intervals.  2 

12. Impact tes t s  - The purpose of these tests i s  to verify capsule and 
ablator integrity during separation shocks, and to verify capsule fuel contain- 
ment at reent ry  impact velocities and tempera tures .  
will be  heated and impacted at var ious angles on granite.  
fuel forms  will be represented.  
gas gun at MDAC's Aerophysics Laboratory in El Segundo, California. 
picture coverage and post-test  analysis will be included. 

A total  of 30  capsules 
A l l  power levels and 

Motion 
The t e s t s  will be performed using the light- 

13. Reentry heating tests - The purpose and requi rements  of these t e s t s  
a r e  to verify : 

a. the  ablator capability to withstand s teep  angle reent ry  the rma l  
shock combined with mechanical  erosion;  and simulate -90" lunar re turn  t r a -  
jectory as closely as possible (peak heat  rate ~ 5 0 0 0  Btu/f t  - s ec t  peak s tag-  
nation point p r e s s u r e  =12 a tm,  peak enthalpy = 26 000 Btu/lb).  

2 

b. the ablator capability to withstand the rma l  chemical  ablation in 
the worst-c  se  t ra jec tory- -a  shallow angle (-5.2 ')  lunar re turn  (peak heating 
-800 Btu/ft - sec ,  integrated heat  -100 000 Btu/ft2). 2 
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c. the insulation capability of the ablator to prevent point-of-failure 
tempera tures  for the capsule shell and fuel in a wors t -case  t ra jec tory- -ear th  
o r b i t a l  decay (peak heating -250  Btu/ft2-sec,  integrated heat  -50 000 Btu/ft2). 

Ten 10-W and ten 50-W hea te r s  will be tested in an e l ec t r i c - a rc  wind tunnel 
at representat ive flow conditions. Instrumentation will include thermocouples 
for internal  tempera ture  measurement ,  optical pyrometers  for surface temp- 
e ra tu re  measurement ,  and motion picture coverage. Weight loss  measurement  
will be carefully made af ter  the tes t .  

14. Propel lant  compatibility t e s t s  - To verify that the heater  ma te r i a l s  
a r e  compatible with rocket booster propellants, two hea te r s  will be  held in 
proximity to a number of fuels for s eve ra l  days,  and an  inspection made for 
signs of corrosion.  

15. Acceptance t e s t s  - These t e s t s  will  es tabl ish that the capsules mee t  
accepted power performance and radiation safety levels.  
will be  measured  with the rma l  luminescence dos imeters .  
mus t  meet  accepted s tandards required by the customer.  
tion of the capsules will be measured  with ca lor imeters  to ensure  proper  design 
performance. 

All fueled heaters 
Radiation levels 
Al so ,  power genera-  

Safety Analysis Report  

A final safety analysis r epor t  will be prepared which will contain all 
safety-related resu l t s ,  qualifications, and requirements  for  u se  of the selected 
radioisotope hea ters .  The repor t  will provide c r i t e r i a  to es tabl ish guidelines 
for u se  of the hea te r s  for a given mission,  and will specify in detail  the miss ion-  
oriented information required to  complete the safety analysis and documenta- 
tion for the intended application. 
Report  is presented in the Safety Analysis Report  section. 

An outline of the P re l imina ry  Safety Analysis 

P r o g r a m  Management and Report  s 

Continued technical and management direct ion will be given to each task 
Liaison with the customer p rogram moni- at the appropriate  level  of effort. 

t o r s  will  be  maintained. 
program status and exchange technical information. 
held a s  required to repor t  on p rogram progress .  

Coordination meetings will be scheduled to review 
F o r m a l  briefings will  be  

Reports.  - Informal letter repor t s  will be submi t ted  monthly. A draf t  
of the final r epor t  will be submitted at the end of the program,  after which 
the r epor t  will be printed and distributed as directed by the contract .  

Monthly p rogres s  reports:  A monthly letter repor t  will be submitted 
within 10 days after the end of each  reporting period. These r epor t s  will be 
br ief ,  in formal ,  and in nar ra t ive  form;  they will include a quantitative des-  
cription of overa l l  p rogress ;  identification of cu r ren t  problems which m a y  
impede performance; proposed cor rec t ive  action; and a discussion of work 
to be performed during the next reporting period. 
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Fina l  report:  A final r epor t  which documents and summar izes  the results 
of the contract  work will be prepared.  
mitted to  the cus tomer  for review and approval by the p rogram monitors .  
Upon notification of acceptance of the approval copy (nominally assumed to r e -  
qu i re  30 days 1 reproducibles will be prepared and submitted together with a 
required number of copies. 

Copies of the final d ra f t  will be  sub- 

P r o g r a m  Plans  and Schedule 

Results of this study show that two heater s i zes  and two types of fuel will 
meet  the major i ty  of identified applications and miss ion  requirements .  Using 
these resu l t s  as guidelines, p rog ram elements and options are presented h e r e  
for the development of flight- and safety-qualified hea ters .  
by a program schedule, milestones,  and cos ts  for  each of the options. 

This is followed 

Recommended program and options. - P r o g r a m  options are presented f o r  
development of safety- and flight-qualified radioisotope heaters. 
g r a m s  a re  presented in the o rde r  recommended. 

The pro-  

Option 1: The f i r s t  option recommends a p rogram for  the development, 
testing, and qualification of a s e t  of radioisotope hea ters  consisting of a 10-W 
147Pm203 ce rme t ,  a 10-W 238Pu02 b a r e  microspheres ,  a 50-W 147Pm203 
cermet ,  and a 50-W 238Pu02 b a r e  microspheres .  

Plutonia b a r e  microspheres  
were  chosen over  a plutonia c e r m e t  because the c e r m e t  fuel f o r m  will proba- 
bly not be available pr ior  to completion of phases I1 and 111. 

Industrial  t e s t  facil i t ies would be utilized. 

Option 2: The second option is presented in recognition of the fact  that 
it may be m o r e  advantageous f r o m  a budgetary point of view to spread  develop- 
ment and qualification work over a longer period of t ime. 
program under this option would be to first develop the 1 0 - W  promethia c e r m e t  
hea ter  followed in sequence by a 10-W plutonia hea ter ,  a 5 0 - W  promethia 
heater ,  and finally a 50-W plutonia hea ter .  Although a complete program,  as 
outlined in option 1, it  would extend over 3 f i sca l  yea r s  (28 months).  
t e s t  facil i t ies would be utilized. 

The recommended 

Industrial  

Option 3: 
aerodynamic drag ,  dynamic pressure ,  thermal s t ress ,  steep-angle reent ry ,  
launch explosion, and impact would be performed a t  Government-furnished 
tes t  facilities at  Government expense. 

The third option i s  identical to option 1, but tests such a s  

Option 4: The fourth option is a minimum-cost  vers ion of option 3 .  That 
is, Government t e s t  facil i t ies would be utilized, and the minimum develop- 
ment t e s t  p rog ram descr ibed previously under Prototype Hardware Develop- 
ment and Development Tes t s  would be substituted for  the complete t e s t  
program. 

Options 5, 6, 7, and 8: In these options, a single hea ter  s ize  and single 
fue l  f o r m  would be developed as follows: 
promethia hea ter ;  option 6, a 10-W plutonia hea ter ;  option 7, a 50-W 

Option 5 would provide a 10-W 
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promethia  hea ter ,  and option 8, a 50-W plutonia heater .  Government t e s t  
facilities and a min imum development test p r o g r a m  would be  utilized f o r  
the s e options 

A l l  options would include a complete series of qualification tests. 

P r o g r a m  schedule and milestones.  - A tentative schedule for phases I1 
and I11 has been prepared for  planning and budget purposes ,  based on DWDL's 
cu r ren t  bes t  es t imates  of the work requi red  to accomplish the p rogram 
objectives,  (fig. 55) .  This schedule is based on option 1. Milestones for  
phases I1 and 111 a r e  shown in table 27. 

P r o g r a m  option budgetary costs .  - Budgetary cos ts  for the options a r e  
presented below, with a brief s u m m a r y  of the i tems  used in determining 
these costs .  

6 c o s t s :  $10 

Option 1 
Option 2 
Option 3 
Option 4 
Option 5 
Option 6 
Option 7 
Option 8 

1.42 
1. 81 
1.30 
1. 12 
0.69 
0.67 
0.82 
0. 74 

TABLE 27 

PHASES I1 AND I11 PROGRAM MILESTONES 

Task  Months a f te r  A T P  

1. Complete final design 2 

2. 

3 .  

Initiate fabr icat ion of t e s t  hardware  

Complete development of test p r o g r a m  

2 

8 

4. Complete l icensing and documentation 10 

5. Complete fabr icat ion of flight- type hardware  1 2  

6. 

7. Complete qualification test p r o g r a m  

Complete fabr icat ion of test hardware  1 5  

17 

8. Complete safety analysis  r e p o r t  17 

9.  Complete draf t  of f inal  r epor t  18 
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Basis  for  budgetary cost  data: The following a r e  major  i tems con- 
s idered in determining the above cos t  data: 

1. Option 1 

a. Design engineering, labor 

b. Manufacturing processes  development, labor 

c. Fabricat ion of development and qualification hardware,  labor 

d. Pe r fo rmance  of a complete development t e s t  program. These  
t e s t s  were  discussed under Prototype Hardware Development and Develop- 
ment  Tes t s ,  

e. Complete qualification tes t s  as discussed under Qualification 
and Acceptance Tes t  P r o g r a m s .  

f .  Safety and design analysis,  labor 

g. Mater ia l  and hardware  requi rements ,  (plutonia b a r e  mic ro -  
spheres  and promethia powder to be government furnished).  

h. P r o g r a m  management,  labor 

( A l l  t e s t s  to be performed a t  industrial  facil i t ies.  

2. Options 2 through 8 

Cost data for these options were  formulated by adjusting costs  accord-  
ing to the p rogram scope of each option. 

Engineering labor costs  r ep resen t  about 5070 of the total  costs ,  and 
ma te r i a l  cos ts  about 300/0. 

SAFETY ANALYSIS REPORT 

A p r i m a r y  goal of this p rogram is to develop and qualify radioisotope 
hea te r s  s o  that extensive analysis and documentation efforts a r e  not required 
to  secu re  flight approval  for  each  specif ic  mission.  
with regard  t o  safety reporting i f  the following approach is used: T h r e e  
documents, (1) re ference  design, ( 2 )  accident model,  and ( 3 )  safety analysis 
r epor t s  wil l  be  prepared  to  include a range of miss ion  profiles for  which the 
capsules  a r e  qualified. A fourth document, miss ion  profile checklist ,  wi l l  be  
prepared .  Its purpose is t o  ensure  that a specific miss ion  utilizing hea ters  is 
within the qualified miss ion  envelope. NASA miss ion  in tegra tors  wil l  com-  
plete the checklist  fo r  a planned mission.  
range, the integrators  can a s s u m e  fl ight-  s a f e t y  approval and /o r  submit  the 

This  approach is feasible 

If all items fall in the qualified 
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completed checklist  to the appropriate  reviewing authority.  If some items do 
not fa l l  in the qualification range, these  a r e a s  a r e  c lear ly  defined and qualifi- 
cation can  be expeditiously completed and sen t  to the Interagency Safety 
Evaluation Panel  and the Space Council fo r  special  review. 

An outline of the pre l iminary  safety analysis  r epor t  to be completed 
during phase I1 is presented in  table 28. 
approval philosophy presented above has been included. 

The qualification and flight safety 

TABLE 28 

SAFETY ANALYSIS REPORT OUTLINE 

.. 

I. 

Introduction 

A. System description ( summary)  

1. Qualified miss ion  profile envelope- summary  

2. Qualified vehicles, systems 

3. Normal  nuclear  system disposit ion 

a.  Sea 

b. Land 

B. Safety c r i te r ia  

1. Pre launch  phase 

2. Launch Phase  

3.  P r e o r b i t  phase 

4. Orbi ta l  phase 
5. Pos torb i ta l  phase 

a. Escape  

b. Reentry envelope 

C. Application of probabilistic philosophy to system 

Normal  mission evaluation 

A. Pre launch  handling 

1. Radiation protection (shielding, handling) 

2. F i r e  protection 

3. Impact prevention 

4. Cri t ical i ty  control 

B. Flight safety 

1. Safety systems 
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TABLE 28. - Continued 

SAFETY ANALYSIS REPORT OUTLINE 

2. Radiation protection 

3. "Nominal" mission (definition and l imi t s )  

C. Ultimate disposit ion 

1. Mission durat ion/  orbital  l ifetime 

( res idua l  nuclear  ma te r i a l )  

2. Reentry mode 

3. Reentry h is tory  for  mission profile envelope 

a. Tra jec tory  calculation 

(1) Model(s) used 

(2)  Satell i te input assumptions 

( a )  Attitude 

(b)  Stability 

( c )  Drag coefficient - ballist ic pa rame te r  

( 3 )  Structure  d isassembly  sequence- effect on trajectory 

(4)  Analytical resul ts  

( a )  Velocity vs alt i tude 

(b) Altitude vs t ime 

b. Heating ra tes  

(1)  Model(s) used 

( 2) Input assumptions 

( 3 )  Analytical results 

(a) Heating rate  vs altitude 

(b)  Effect on s t ruc ture  - disassembly altitudes 

(c )  Effect of heat shield 

(d )  Sensitivity of resu l t s  to input assumptions 

c. Nuclear source behavior 

( 1 )  Tempera tu re  vs  altitude 

( 2 )  Disassembly mode 

( a )  Intact  reentry 
(b) Dispersed r een t ry  
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TABLE 28. - Continued 

SAFETY ANALYSIS REPORT OUTLINE 

( 3 )  T e s t  program resul ts  

d. Effects of reentered nuclear  ma te r i a l  

(1)  Nature and probability of interact ions 

( a )  Direct  radiation ( y ,  q , p ) 

(b) Skin exposure ( CY, p ) 

( c )  Internal  exposure ( a ,  p ) 
( 2 )  Extent of interact ions 

( 3 )  Dose distributions ( probable number of exposures  

vs  dose)  

4. Comparison of consequences and safety c r i t e r i a  

D. Summary  of normal  mission safety 

11. Accident source evaluation 

A. Genera l  

1. Reference to  AMD 

2. By phase of operation 

B. Summary of nuclear system response t o  accident-induced 

environments 

1. Booster  propellant conflagration; Saturn IB, Saturn V 
and Titan111 M (overpressure and tempera ture  profile) 

2. Over tempera ture  

3 .  Impact 

4. Corrosion 

5. Reentry 

6. Other 

C. Pre launch  accidents 

1. Summary  tabulation 

( a )  Nature  

(b)  Probabi l i ty  

( c )  Environment 
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TABLE 28. - Continued 

SAFETY ANALYSIS REPORT OUTLINE 

2. Analysis and evaluation 

( a )  Effect of environments on nuclear source 

(b)  Supporting experimental  and analytical  data 

( c )  Definition of resulting source t e r m  

D. Launch accidents 

1. Summary  tabulation 

(a) Nature 

(b)  Probabi l i ty  

( c )  Environment 

2. Analysis and evaluation 

E. P r e o r b i t a l  accidents 

1. Summary  tabulation 

(a) Nature  

(b)  Probabili ty 

( c )  Environment 

2. Analysis and evaluation 

F. Orbi ta l  Phase  accidents 

1. Summary tabulation 

( a )  Nature  

(b) Probabi l i ty  

( c )  Environment 

2. Analysis and evaluation 

G. Pos torb i ta l  accidents 

1 .  Summary  tabulation 

(a) Nature 

(b) Probabi l i ty  

( c )  Environment 

2. Analysis and evaluation 

H. Summary-  tabulation of accident consequences to  be evaluated 
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TABLE 28. - Concluded 
SAFETY ANALYSIS REPORT OUTLINE 

V. 

7 .  

Accident severi ty  

A. Summary  of t r anspor t  and dose models (including probability of 

int e r a c  ti on) 

1. Atmospheric  re lease  ( pad accident, postreentry burial)  

(a) Transpor t /  diffusion models 

(b) Inhalation and /o r  ingestion models 

(c) Di rec t  radiation 

2. Marine re lease  

3 .  Reentry ( d i s p e r s e d )  

4. Reentry ( intact)  

5. Applicable biological effects data 

B. Pre launch  accidents 

1. Consequences 

( a )  Dose distributions f o r  accident (including dose and 

accident probability) 

(b)  Comparison with safety c r i te r ia ,  injury levels 

2. Countermeasures  and /o r  safety systems 

C. Launch accidents 

D. P reo rb i t a l  accidents 

E. Orbi ta l  accidents 

F. Pos torb i ta l  accidents 

6. Other accidents 

Summary  

A. Overal l  f l ight consequences 

(Severi ty  and dose probability a s  a function of miss ion  t ime)  

B. Comparison with safety c r i t e r i a  

C. Multiple - fl ight applications 

1. Cumulative consequences ( normal )  

2. Cumulative fa i lure  probabili t ies ( accident) 

3 .  Cumulative consequences ( accident) 

TI. References 
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CONCLUSIONS AND RECOMMENDATIONS 

Resul ts  show that the following p r imary  objectives of the phase I study 
have been met :  

1. Identify potential applications f o r  sma l l  ( l - t o  50-W) radioisotope 
hea te r s  in manned spacecraf t  sys tems.  - 
and launch vehicles identified m o r e  than 37 application a r e a s  requiring f r o m  
180 to  300 hea te r s  ranging in  s ize  f r o m  l e s s  than 1 to  over 100 W. 
isotope hea ters  would not have been considered f o r  a l l  of these applications, 
e i ther  because e l ec t r i c  hea te rs  would per form jus t  a s  well, or because of 
complexity and/or  s ize .  However, many of the identified applications such a s  
viewports,  heat  for base the rma l  requirements ,  s t ruc tu ra l  cold spots,  and 
standby fue l  cel l  heat would have ser iously considered and quite probably used 
radioisotopes hea ters  if they had been available.  
in table 1 a r e ,  undoubtedly, not complete--even within the manned space-  
c r a f t  a r e a .  
i s  accomplished, many m o r e  applications wil l  be identified. 

The survey of manned spacecraf t  

Radio- 

The applications presented 

Unmanned spacecraf t  applications were  not surveyed;  when this 

2. Develop a radioisotope heater  design that will mee t  the selected safety 
c r i t e r i a  and have a high probability of being safety and flight-qualified. - 
Detailed safety and design analyses  of the re ference  heater  designs that  have 
evolved f r o m  this study show that these  designs have a high probability of 
surviving a l l  miss ion  phases ,  operations,  and environments.  The ma te r i a l ,  
configurations, and fabrication techniques a r e  ( o r  a r e  n e a r )  the s ta te  of the 
a r t .  The re ference  heater  designs presented in  this r epor t  ensure  safe 
handling by both experienced and inexperienced personnel,  and impose no 
special  requirement  on the on-board as t ronauts  performing the i r  no rma l  duties 
on board the spacecraf t .  
insignificant probability of injurious radiation dose a s  a r e su l t  of a credible  
accident or  i nco r rec t  handling. 

The hea ters  have been designed to present  an 

3 .  Develop a n  optimum group of radioisotope hea ters  that  wil l  m e e t  the 
requi rements  of a maximum number of applications and miss ion  t imes  of f r o m  
14 days to  5 yea r s .  - Results of the optimization studies completed fo r  the phase 
I study conclude that  two heater  s izes ,  1 0  and 50 W, using two radioisotope 
fue ls ,  promethia and plutonia, will  mee t  the applications and miss ion  requi re -  
men t s  identified. The r e su l t s  of this analysis indicate that  wel l  over 100 
applications in the 20- to 25-W range would be required to justify production 
of a third heater  s ize .  Optimization analyses  fu r the r  show that only a sma l l  
weight penalty is incur red  by using uniform hea ters  having the same  outer 
dimensions for  both the promethia and plutonia fuels .  
a r e  the same  f r o m  the s t ruc tu ra l  she l l  outward. 
small when compared to the additional cos t  of fabricating and qualifying two 
different hea te r  s i zes  f o r  one power level. 
the interchangeabili ty of promethia and plutonia hea te r s  that  the uniform s ize  
approach permi ts ,  s ince only one mounting a r rangement  is required f o r  each 
power level. 

All m a t e r i a l  thicknesses  
The weight penalty cos ts  a r e  

Also, an  important  consideration is 
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4. Develop p rogram plans and budgetary cost  es t imates  for  phases  I1 
and 111. - Based on the r e su l t s  of phase I, a recommended program plan and 
a number of a l ternat ive p rogram plans w e r e  developed. The recommended 
plan outlines a complete p rogram for  development, test, fabrication, and 
qualification of two heater  s i zes  using two fue l  fo rms .  The al ternat ive pro-  
g r a m s  take into consideration cos t  and schedule constraints .  Any one of the 
programs,  however, wil l  r e su l t  i n  qualified radioisotope hea ters .  

The ability to uti l ize decay heat f r o m  radioisotopes to maintain space 
components within specified t empera tu re  limits was determined in the pre l imi-  
na ry  design of t h e r m a l  control sys t ems  f o r  ALSEP miss ion  components; 
re fe rence  heater  designs were  combined with controllable heat pipes to  keep 
electronic  components on the lunar sur face  within tempera ture  l imi t s ,  despite 
the la rge  t empera tu re  var ia t ions f r o m  lunar  day to lunar  night. 

This  design study has  shown that  it is entirely feasible  to develop a group 
of s m a l l  radioisotope hea te r s  that  wil l  m e e t  a la rge  number of manned space-  
c ra f t  component applications.  
great ly  reduce the t ime between miss ion  requirement  identification and ul t i -  
m a t e  miss ion  qualification. 

Completion of such a development program will  

Also, the availability of flight-qualified radioisotope hea ters  will  enable 
sys tems engineers  to  consider their  u s e  with the s a m e  degree of confidence a s  
they now give e lec t r ica l  hea te rs .  
design and selection not now available. 

This gives them a degree of flexibility of 

Areas  Requiring Additional Analyses o r  T e s t s  

During phase I, many a r e a s  w e r e  identified where  additional analyses  
and /o r  t e s t s  a r e  required.  
below; these  a r e  studies o r  investigations that m u s t  be performed p r io r  to 
breezing of the final design: 

Those considered mos t  important a r e  l isted 

1. Spot-check confirmation of physical, mechanical,  and t h e r m a l  
proper t ies  of the selected heater  m a t e r i a l s  under simulated environmental  
conditions. 

2. Development - test:  

a .  Aerodynamic t e s t s  on models  of the re ference  designs.  

b. High-temperature  rupture  o r  burs t .  

c. Fabr ica ted  techniques: 

(1)  Welding 

( 2 )  Forming  methods 
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(3)  Shapes and types 

(4) Bonding of m a t e r i a l  

3. Impact  t e s t s  and reent ry  ablation t e s t s  to confirm the re ference  
designs and ma te r i a l s  selection. 

4. Blast  debris  probability analysis ,  design, and tes t .  

In addition, t h e r e  a r e  analysis  and development t e s t s  tha t  a r e  not essent ia l  
to  development of the re ference  designs,  but a r e  des i rab le  for  a complete 
understanding of the design requirements ,  and to ensure  optimum designs.  
Following i s  a par t ia l  list of those analyses  o r  t e s t s  that fa l l  into this category: 

1. Detailed design and analysis  of a l te rna te  concepts t o  determine: 

a.  Reentry heating and impact  condition. 

b. Fabricat ion complexity. 

c. Development, qualification, and production cos ts .  

d. Growth and flexibility. 

e.  Weight and volume. 

f .  Component and miss ion  integration problems.  

2. Aerodynamic t e s t s  on a l te rna te  concepts.  

R e c omme nd a ti on s 

DWDL recognizes  that of the two radioisotope fuels  selected,  only 
23 8Pu02  b a r e  mic rosphe res  has  been considered to be a flight-qualified fuel 
a t  the present  t ime.  However, DWDL strongly recommends that the 
147Pm203 c e r m e t  fuels be considered f o r  u se  on miss ions  of up to approxi- 
mately 2 yea r s .  
replace plutonia. 
fuel f o r m s  in  o rde r  to handle the expected spec t rum of u ses .  Available data 
on promethium, although m o r e  meage r  than that  on plutonium, indicate that 
promethium will  be biologically safer  than plutonium. Promethium, of cour se  
does not have the helium buildupproblem that m u s t  be contended with in 
plutonium. One to two k W  of promethium per  year  is available f r o m  existing 
faci l i t ies ,  provided adequate s torage  faci l i t ies  a r e  made  available t o  allow f o r  
aging. This  would be m o r e  than adequate to  m e e t  the requi rements  of t h e r m a l  
hea te r s  developed under  this program.  

Prometh ium should be considered to  supplement ra ther  than 
Both fuels  should be developed and qualified in improved 

It has  been established that  radioisotope hea ters  would have been con- 
s idered  f o r  many space applications had they been available. 
NASA/MSC requi rement  for  a heater  fo r  the ALSEP se i smic  experimental  

In fact, the 
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package was f i rmed up  immediately subsequent to  the commencement of the 
present  study. 
ea r ly  Apollo mission.  The reliabil i ty of radioisotope hea ters  is recognized, 
and the abil i ty t o  design them with a high probability of being safe under  all 
credible  accident conditions and environments has  been shown. Therefore ,  
it i s  strongly recommended that  phases  I1 and I11 be init iated without undue 
delay, and funded at the level required t o  produce qualified hea ters .  Any one 
of the eight p rogram options discussed under  P r o g r a m  Plans  and Budgetary 
Cost Es t ima tes  will  r e su l t  in  flight- and safety-qualified radioisotope hea ters .  
DWDL believes that  option 1 would prove m o s t  cost-effective and have the 
lowest r i s k  fac tor .  But DWDL a l s o  recognizes  that  budget considerations m a y  
requi re  the selection of one of the other  options. In any case ,  the need f o r  
developing a group of small radioisotope heat  sou rces  f o r  space component 
t he rma l  applications is apparent.  

The EASEP heater  is being developed by AEC/DID fo r  an  
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Appendix A 

HEATER DESIGN EVOLUTION 

As the phase I study progressed ,  many heater  configurations w e r e  con- 
s idered .  
ie .  original configurations used  in the init ial  analyses .  
designs evolved f r o m  these.  
hea te r  concepts. 
spher ica l  heater  designs.  

F igu res  A-1 through A-12 present  what a r e  t e rmed  baseline designs;  
The re ference  heater  

Table A-1 presents  a weight comparison of the baseline and 
F igure  A-13 presents  four types of spher ica l  

F igu res  A-1 through A-6 r ep resen t  the or iginal  baseline designs for  1 0 -  
and 5 0 - W  hea te r s  using promethia and plutonia ce rme t s ,  and ba re -mic rosphe re  
fue ls .  The designs using plutonia mic rosphe res  (figs.  A-3 and A-4) had a 
void-to-volume ra t io  of about 1. 2. 
c e r m e t  fuels ,  the hea ters  were  redesigned to have a void-to-volume ra t io  
equal to about 1 .  

In o rde r  to be consistent with the plutonia 

This  change is ref lected in f igures  A-7 and A-8. 

Since the outer dimensions of the plutonia hea ters  a r e  quite close,  it 
appeared advantageous to standardize a l l  hea t e r s  of the same  power level,  ie .  
u s e  the s a m e  s ize  components f r o m  the s t ruc tu re  member  outward. These  
changes a r e  reflected in f igures  A - 9  through A-12. 

Spherical  radioisotope hea ters  appeared to be a promising al ternat ive 
configuration on the bas i s  of weight, ea se  of analysis ,  potential fabrication 
techniques,  and potential reduction in qualification costs .  These  designs a r e  
presented in f igure A- 13. 
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TABLE A - 1  

HEATER WEIGHT COMPARISON 

Heater concept Weight (lb) 

PMC- 10- 1 0. 883 

P M C  - 50 - 1 

P UM- 1 0 - 1 

PUM-50- 1 2. 01 

PUG - 10-  1 

PUC-50-1 2. 18 

PUM-10-2 0. 569 

PUM- 50 - 2 

PUC-10-2 0. 831 

PUC- 50-2 2. 89 
PUM-10-3 0. 810 

PUM-50-3 2. 78 

PMC-10-1s  0. 750 

PUC - 1 0 -  1 s 0.597 

PUM- 10-  1s 0. 525 
PUC - 1 0 -  2 s  - -  
PMC-50- lS(not  shown) 2. 56 
P UC - 5 0 - 1 S (not shown) 

3. 11 

0. 598 

0. 632 

1. 87 

2. 086 
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Appendix B 

DRAG COEFFICIENT SUMMARY 

A study was made  of the drag coefficients for  the different proposed 
design shapes in  the var ious flow reg imes  encountered during reent ry .  
bas ic  shapes considered were:  

The 

1. Flat-faced cylinder ( r e fe rence  and a l te rna te  C designs) 

2. Rounded-end cylinder (a l te rna te  D design) 

3 .  Sphere (a l te rna te  E) 

4. Cube (a l te rna te  A) 

5. Rectangular parallelepiped (a l te rna te  B)  

F la t -Faced  Cylinder and Rounded-End Cylinder 

The re  a r e  four  bas ic  flight orientations fo r  a cylindrical  shape: side-on 
(axis  n o r m a l  to  flow), end-on (axis in the direction of flow), randomtumbling, 
and end-over-end tumbling ( in  a plane para l le l  to flow). 

The probable mode of r een t ry  is the side-on o r  broadside orientation. It 
is  this orientation which i s  usually used in  reent ry  analyses  of cylindrical  
designs.  
slightly higher but representat ive sur face  heating among tumbling modes 
which affects uniform sur face  heating. 

It is shown in re ference  7 1 that  side-on spinning resu l t s  in  a 

In hypersonic flow, the drag  in  the high-altitude f r e e  molecule flow is 
higher than the d rag  in continuum flow. 
drag  coefficient fo r  a cylinder side-on in ra ref ied  flow plotted a s  a function 
of molecular  speed ratio,  s (where s = Vw /,/-). Until recently,  it was  
thought that  this  curve  approached 2. 0 as s-w, 
a CD of about 2. 0 a t  high-speed ra t ios  in  f ree-molecule  flow (ref. 72). 
Recant measu remen t s  by Maslach and Shaaf (ref. 73 1, Maslach e t  al. ( r e f .  74) 
and Coudeville e t  al. (ref. 75), indicate that f ree-molecule  drag  at 
high-speed ra t ios  ( o r  Mach numbers)  is higher than 2. 0--probably around 2.8.  
This  is shown by the data correlat ion in f igure B-2. F o r  a l l  bluff shapes,  the 
f ree-molecule  drag  becomes constant for  hypersonic flow ( M > 5  or s > 4 )  and 
does not dec rease  fu r the r  a s  s.- W .  

appears  to  bear  this  out. 

F igu re  B-1  shows the var ia t ion of the 

s ince m o s t  bluff shapes have 

The t rend  of the data in f igure B-2  

The side-on d rag  variation in  the t ransi t ion reg ime has  been investigated 
by Maslach and Shaaf (ref. 73) and Maslach et a l .  ( re f .  74). The resu l t s  
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Figure B-1. Comparison of Drag Coefficient of Cylinder for Specular and Diffuse Reflection 
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Figure B-2. Side-On Cylindrical Drag Vs Mach No. in Free-Molecule Flow 
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f o r  Mach 6 and 10 a r e  cor re la ted  in f igure B-3. 
CD = 2 .  8 in  f ree-molecule  flow and that  C g = l .  5 in  continuum flow a t  values  of 
Knudsen number around 0. 01. 

These  data indicate that  

These  da ta  m a y  be accurately descr ibed by the equation, 

This  equation i s  solved by the RESTORE computer code along the 
t ra jec tory .  The numer ica l  constants m u s t  be input. 

The value of CD calculated a s  kn-0. 01 is higher than predicted by 
Newtonian theory (1. 5 compared to  1. 3 )  fo r  continuum flow. 
of crossflow drag  in t ransonic  flow indicate agreement  with theory a t  the 
highest  Mach numbers  measu red  ( r e f .  76). F o r  the side-on cylinder 
calculations,  a t ransi t ion f r o m  CD = 1. 5 a t  Mach 18 to CD = 1. 25 a t  Mach 16  
was  assumed since in this range the Knudsen number drops f r o m  0. 01 to  the 
curve fo r  a cylinder with L / D  = 1. 25 shown in f igure 13-4 for  O<M<16. This  
curve  i s  a composite f i t  to the data given in re ferences  Note 
that the L / D  ra t io  has  a s t rong effect for  Mach numbers  below 5. In hyper-  
sonic flow, no L / D  effect is evident. 

Measurements  

76 and 77. 

Around M = 0. 5, Reynolds numbers  effects become important  for  diame- 
t e r s  on the order  of 2 o r  3 in. These  effects have been thoroughly investi-  
gated for  an infinite cylinder,  perhaps bes t  of a l l  in re ferences  77 and 78 
( s e e  a l so  ref. '76). Basically,  when Re  exceeds 2 x 10 , the flow which a t  
low Re tends to separa te  f rom the body a t  around 9 0 "  f rom the stagnation 
point, will  follow the body contour around to the aft end, thereby increasing 
the base pressure .  This is a marked  charac te r i s t ic  of a rounded body; a 
sharp-cornered  body will  s epa ra t e  the flow even a t  high Re. 

5 

When the velocity of a cylinder (s ide-on)  exceeds about M = 0.4,  how- 
ever ,  the drag  again r i s e s  sharply to the value given in f igureB-4 .  This  
indicates that  for  OSMSO. 4, CD should be a function of R e  alone; above a 
Mach number of 0. 4, the drag should be a function of M alone. Consequently, 
a tabular  approximation of the indicated curve in f igure B-4  was used in the 
reent ry  analysis  for  0. 55M516. Below M = 0. 4, a tabular  approximation t o  
the indicated curve in f igure B-5  was used. 
between the two tables  i s  made.  

F o r  0. 4<M<O. 5, a t ransi t ion 

F igu re  B - 5  was constructed f r o m  data presented in  Hoerner  ( re f .  76), 

Also, the s t rong dependence in the L / D  rat io  a t  low Re  i s  seen  
and re ferences  77, 78, and 79. The s h a r p  drop  in drag  a t  Re = 3 x 105 
i s  evident. 
by comparing the curves  for  L / D  = a  and L /D = 1.25. 
been made  a t  high Re  for  cyl inders  with end effects (low L / D  rat ios) ,  so  that 
a dependence on L / D  a t  high Re  i s  uncertain. 
cylinder a t  high Re  is indicated by the shaded band in f igure B-5. The lower 
bound of this band is used in the present  calculations, since the values  can be 
expected to be lower for L / D  = 1. 25. F o r  the 2-  to 3 'n. d iam hea ters ,  the 
condition a t  impact  cor responds  to the point Re=6 x lo-' and C p  = 0.25. The 
2 crconfidence l imit  on this value is taken to be 0.10, s ince this  ranges  to the 
upper bound on data for  the infinite cylinder and to the lower bound on data for  
a sphere.  

No measu remen t s  have 

The range of data for an  infinite 
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For  an  end-on cylinder, the drag  is no be t te r  defined than €or side-on. 
Modified Newtonian theory a s s u m e s  that the flow l ines  in hypersonic flow 
follow the contour of the body. 
would then be uniform over  the face  and the predicted drag would be 

F o r  a flat-ended cylinder, the p r e s s u r e  

c = 2 - Pa/P ( r e f .  76) 
PS 

where  Pa/P i s  the density ra t io  a c r o s s  a no rma l  shock. 
theory and experiment  (ref. 80) is shown in  f igure B-6 for  end-on cyl inders  
of varying bluntness. 
bodies.  An independent measurement  ( r e f .  81) fo r  f lat-faced cylinders at 
Mach numbers  up  to 14 indicated that the drag  i s  about 0. 91 t i m e s  the theore t i -  
ca l  value, in good agreement  with the data in f igure B-6. Consequently, the 
drag  fo r  a flat-faced cylinder is taken in the present  study to be 

A comparison of 

Note that theory becomes inaccurate  f o r  flat-nosed 

P a  C D =  2 -  1 . 6  - P (B-3) 

which is the theoret ical  equation normalized to f i t  the experimental  data and 
to  mee t  the boundary condition that  CD = 2 a s  Pa/P-cO in f ree-molecule  flow. 

F o r  a cylinder with rounded ends,  the drag  approaches that  for  a sphere  
a s  the hemispher ica l  shape is approached. 
a l te rna te  D design, the drag  is  taken to  be that  fo r  a spher ica l  segment  with 
a radius  of twice the cylinder radius  (bluntness ra t io  XB/RB of 0.  5). Thus,  
values of 2. 0 in f ree-molecule  flow and about 1. 2 (fig B-6)  in continuum 
flow w e r e  assumed.  
to follow the equation f o r m  fo r  a sphere  o r  hemisphere discussed below. 

For  the ell iptical  ends of the 

Variation of drag in  the t ransi t ion regime is assumed 

In t ransonic  flow, the drag  fo r  a flat-faced cylinder end-on is given in 
Hoerner  ( r e f .  76)  and in Marks  Handbook (ref. 82) .  The resu l t s  a r e  
shown in f igure B-4, for an L / D  of 1. 25. The resu l t s  have been modified 
in the p re sen t  study to account f o r  ablation at the edges and on the face.  
The ma jo r  portion of ablation occurs  ju s t  a f t e r  peak heating, s ince the 
oxygen flux to  the sur face  peaks a t  that t ime.  This  corresponds to  the t ime 
when the body dece lera tes  and the Mach number drops rapidly. Therefore ,  
the above equation is used  until M = 16, j u s t  below which the drag  drops t o  
1. 2 corresponding to  a blunt, convex shape ( o r  ell iptical  ends).  A t  about 
Mach 1, the drag  is assumed to  drop  smoothly t o  about 0. 7*0. 2. At high 
Re  and below M = 4, the drag  fo r  the rounded-end a l te rna te  D is assumed 
to  drop  to about 0. 2 5 * 0 .  10 fo r  the same  reason  a s  fo r  the side-on cylinder.  
The  flat-ended cylinder,  however, wil l  have an  ablated, rounded front-face 
for  end-on but the aft  edges wil l  s t i l l  be  sharp.  Therefore ,  t he re  should be 
l i t t le  o r  no change with Re in  the range 105  to  106 f o r  the re ference  and 
a l te rna te  C designs.  

These drag  coefficients a r e  based on the actual  f ronta l  a r e a  of the par t i -  
If the cylinder is tumbling, the drag  coefficient i s  a l inear  cu lar  orientation. 

combination of the side-on and end-on drag  coefficients according to the 
equations 
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fo r  random tumbling, and 

( r e f .  (B-5)  I CDAS = 0.4244 (CD)sAs t (CD)EAE [ 
for  end-over-end tumbling. Subscript  E per ta ins  to  end-on, and S to side-on. 

Sphere 

The drag  coefficient of a sphere is relatively well defined ( re f .  76) .  
hypersonic flow, the data, p r imar i ly  f r o m  Masson, Mor r i s ,  and Bloxsom 
( r e f .  83) have been cor re la ted  a t  Atomics International by the equation 

P 4 P  ), C,, = 0 . 9 2  t 1. 08 exp ( -  - 10 kn 

which is used in the present  study. 
CD = 2. 0 in f ree-molecule  flow and = 0. 9 2  in continuum flow (kn--0). 

The curve presented in f igure  B-4  i s  used in t ransonic  flow ( re f .  7 6 ) .  
At M<O. 8, the curve of CD vs  Re is used where  the mean value in the data 
band is selected a t  the appropriate  value of Re. 
CD = 0. 15 f 0. 0 5  a t  Re = l o6 .  

Note that, according to this equation, 

This  point is found to be 

Cube or  Rectangular Paral le lepiped 

The only drag data in t ransonic  flow pertinent to a cubic shape appears  
to be that given in Hoerner  ( re f .  76) f o r  a tumbling (at random) cube. The 
result ing curve i s  shown in f igure B-4, where  drag  i s  based on the f la t - face 
a r e a .  
ablation a t  the edges by lowering this curve to mee t  the conditions CD = 1. 2 
fo r  25M515 ,  and CD = 1. 0 for  M<2.  

Some modifications w e r e  made  in the present  study to account f o r  

Above M = 15, drag  is assumed to r i s e  to 1. 8 a t  M = 16. Above M = 16, 
drag  is assumed to follow the same relationship a s  f o r  an end-on, f lat-faced 
cylinder.  Judging f r o m  the data f o r  an infinitely long block with a squa re  
c ross -sec t ion  ( re f .  7 8 ) ,  this should be the same  drag  variation a s  fo r  
the cube oriented with the f la t  f a c e  no rma l  t o  flow. 
calculations fo r  the cube may  be considered appropriate  fo r  the two m o s t  
likely orientations- - random tumbling and f ia t - face first. 
r e su l t  in a higher drag  coefficient (based on f ronta l  a r e a )  in subsonic flow 
( r e f e r .  78). 

Therefore ,  t r a j ec to ry  

Edge-on wil l  

Data given for  an  infinitely long block with rectangular  c ross -sec t ion  

No quantitative 
in r e fe rence  
measurably  lower if the capsule or ients  s m a l l  f ace  first. 
data f o r  the ac tua l  shape a r e  available in the Re range of in te res t .  
fore ,  the drag  fo r  this la t te r  design is assumed to be the same  a s  f o r  a cube in 
tumbling modes ;  s table  modes w e r e  not analyzed. 

7 8  indicate that the drag of the a l te rna te  B design could be 

The re -  

163 



In conclusion, it is found that the hea ters  will  impact  a Reynolds numbers  
This i nc reases  the base p re s su re ,  where the flow adheres  to  a rounded body. 

thereby sharply reducing the drag. 
cornered shapes.  
oriented in a stable mode, but sha rp  co rne r s  aft will  ensu re  separat ion of 
flow. 
extent where no advantage is gained. 
cubes and flat-ended cyl inders  with rounded co rne r s .  

Higher drag is achieved by using sha rp -  
Ablation could severelyround off the front  co rne r s  if 

Tumbling modes a r e  not expected to  reduce the s h a r p  edges t o  the 
Experimental  data a r e  needed f o r  
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Appendix C 

REENTRY MODEL 

The computer p rogram is wri t ten in FORTRAN and integrates the dif- 
ferent ia l  equations of motion of a point-mass moving through the ea r th ' s  
a tmosphere.  The point-mass is subjected to the forces  of a tmospheric  d rag  
and gravity while moving relat ive to a rotating oblate ea r th  in an  air a tmos-  
phere with propert ies  that a r e  a function of altitude alone. 
technique used is an  Adams -Moulton predictor -cor rec tor  method. 

The integration 

Initial values of weight-to-area position, flight angle, Gelocity, and 
heading a re  input to the code referenced to a specified initial altitude. The 
d rag  coefficient m a y  be a specified tabular function of t ime,  altitude, m a c h  
number,  Reynolds number,  loglo of the Knudsen number,  o r  log lo  of the 
modified (including the compressibi l i ty)  Knudsen number In addition, d r a g  
may  be calculated according to the equation. 

for  a flat-face body, and 
loglOKn - C3 

c4 

for  a sphere  or  a cylinder in crossflow. 

Aerodynamic heating along the t ra jec tory  is ca l cda ted  using the equations 
and methods presented in re ference  
(ref. 85) equations modified and correlated fo r  satell i te reent ry  by Det ra  
and Hidalgo (ref. 86). Although these equations a re  not s t r ic t ly  valid for 
reent ry  velocit ies in excess  of 26 000  f t / s e c ,  they give approximate heating 
values for  lunar  r e tu rn  velocit ies (about 36 000 f t / s e c )  and were  s o  used in 
the present  study. 

84. These a re  the F a y  and Riddell 

In addition to the equation form,  note that only convective heating was 
considered, assuming equilibrium chemis t ry  for  dissociation and recombina- 
tion of molecules in the boundary layer .  
r e tu rn  velocit ies for  small bodies of the type considered h e r e  (ref. 
However, the bodies do pass  through flow reg imes  where nonequilbrium flow 
effects can cause significant heating reductions. 
charac te r i s t ic  time for  chemical  recombination of dissociated air a toms is 
much shor t e r  than the time required for  the a toms to diffuse a c r o s s  the 
boundary layer .  
dissociation is lost. 
on the o r d e r  of oxides. 

Radiative heating is small at lunar  
87). 

This occurs  when the 

If the surface is noncatalytic to  recombination, the heat of 

These materials are  shown in r e fe rence  88 to  
Graphite can  be expected to  have a surface catalycity 
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experience heating reductions of up to  3070 in a wind tunnel under cer ta in  
conditions. 
will be  reduced on the o rde r  of 10% o r  15% (ref. 88). 

Extrapolations to r een t ry  conditions indicate that overal l  heating 

Graphite oxidation is computed throughout the t ra jectory.  The equation 
assuming an  oxygen-diffusion 

fo r  boundary layer  mass 
used was the one developed in re ference  
controlled process  and using the Reynolds analogy 
flow (mass flow proportional to heat flow). 

89 

This  equation is 

0 . 2  qcw 2 - -  d m  - 
dt (lb of 0 2 / f t  ) 

S - H540 

where dm/d t  is  the mass flux of oxygen, qcw is the cold-wall heat rate, and 
Hs and H540 are  the air enthalpies a t  the stagnation tempera ture  and at 
540"R respectively.  
Bart le t t  ( ref .  90). 

This equation a g r e e s  well with the relationship given by 

This flux is integrated along the t ra jectory.  The total  depth of graphite 
is then determined by multiplying by the heat of combustion (2970 Btu/lb of 
0 2 )  and dividing by the graphite density. 

Transpirat ion cooling was not taken into account because,  for  graphite,  
these effects a r e  small ( ref .  90) .  However, at higher velocities combined 
with low p r e s s u r e  where combustion may  occur  in the boundary layer ,  heat  
reduction due to mass addition may be an  important effect and should be 
inc luded . 
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Appendix D 

THERMAL ANALYSIS MODELS 

Therma l  Analyzer P r o g r a m  (TAP-3)  

The TAP-3 code ( re f .  9 1 )  used a t  DWDL to s imulate  POCO-pyrolytic 
graphite ablators  faci l i ta tes  the solution of multidimensional t rans ien t  and 
s teady-state  problems in heat  t r ans fe r .  
in which the physical s y s t e m  can be represented  by an equivalent e lec t r ica l  
network. 
dated is 500 capaci tors  and 999 conductors. 

It can  also be used for  any problem 

At present ,  the maximum s ize  of the network which can be accommo- 

A var ie ty  of auxi l iary functions a r e  included. For example,  t he rma l  
radiation paths between elements of the network a r e  computed automatically 
if the sur face  a r e a s  and effective view fac to r s  a r e  given. 
internal  hea t  generation r a t e s ,  and boundary tempera tures  may be specified 
a s  fixed values ,  tabular functions, o r  a lgebraic  functions of any other para-  
m e t e r  in the sys tem.  
ablation, phase changes,  etc. However, t he re  is  no provision for a continuous 
sur face  recess ion  r a t e ;  nodes mus t  be lumped together one or  m o r e  a t  a t ime. 
In addition, t he re  is  no d i r ec t  provision for  the effects of m a s s  t r ans fe r  cooling. 

The rma l  proper t ies ,  

This makes possible the solution of problems involving 

The code is not linked to any specific geometry o r  s e t  of geometr ies  and 
is, therefore ,  quite flexible. Calculations of a r e a s  and volumes associated 
with the nodal network may  be done through the algebraic  function specifi-  
cation mentioned above. 

The t ime  s t ep  used by the code mus t  be sufficiently s m a l l  to avoid d iver -  
gence in the calculation process .  
t ime step,  Atst ,  is 

The formula for finding the maximum stable  

- C - 
Atst i Yi  

where C is the capacitance of a given node and Y i  a r e  the admittances of the 
heat-flow paths by which the given node is connected to other nodes in the 
network. This formula is .applied before  each i terat ion to each  node having 
a nonzero capacity, and the l ea s t  value found is used as the A t  for that i t e r -  
ation. It is important for  the use r  to make pre l iminary  es t imates  of the 
values of Atst while selecting the nodal network in o rde r  to avoid the con- 
s t ruct ion of a network involving v e r y  s m a l l  values of Atst  and, therefore ,  
requir ing lengthy machine running t imes .  
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Charr ing  Ablator Code, STAB 2 

The STAB 2 code was developed by D. M. C u r r y  of NASA/MSC and is 
documented in re ference  9 2 .  The code i s  present ly  operational at DWDL and 
was used to generate  some of the da ta  in the repor t .  

A descr ipt ion of the analytical  model  used, and a complete l ist ing of the 
program together with instruct ions for coding, are presented in re ference  
92 .  Basically,  the code s imulates  the t rans ien t  one-dimensional t he rma l  
performance of a charr ing-ablator  heat-protection s y s t e m  exposed to a hyper - 
t he rma l  environment.  
ma te r i a l ,  and ( 2 )  a backup s t ruc tu re  of up to 12 ma te r i a l s .  The ablating 
ma te r i a l  is fur ther  considered to consis t  of t h ree  dis t inct  regions: char ,  
reacting, and virgin mater ia l .  The rma l  proper t ies  of a l l  ma te r i a l s  a r e  
temperature-dependent,  with the proper t ies  of the char r ing  ma te r i a l  a l so  
being state-dependent. A maximum of 50 nodes in the ablator and 10 nodes 
in each backup ma te r i a l  is possible. 

The s y s t e m  is considered to  consis t  of (1)  an ablation 

The code offers  a number of des i rab le  features:  (1)  the equations solved 
a r e  s table ,  even for  re la t ively l a rge  t ime increments ,  because of the "back- 
ward t ime step" difference formulat ion employed; ( 2 )  machine running t ime is 
relat ively short ,  and multiple cases  m a y  be run;  ( 3 )  the input required is not 
complex; (4) a wide var ie ty  of boundary conditions may  be specified; (5)  the 
code includes options for  radiative a s  well a s  convective heating, m a s s  t r a n s -  
f e r  cooling through injection into the boundary layer  (including the capability 
of specifying the molecular  weight of the injectant) ,  and sur face  recess ion  
r a t e s  a s  a function of sur face  t empera tu res ;  and ( 6 )  the equations a r e  devised 
in t e r m s  of a moving boundary coordinate s y s t e m  s o  that sur face  r eces s ion  
may  be handled in a continuous manner  without the need of throwing away 
nodes. 

The code i s  l imited in that a one-dimensional geometr ical  model  must  be 
used. 
convective cooling during the la t te r  phase of the r een t ry  t ra jec tory .  

Also, t he re  is  present ly  no provision in the code for simulation of 

Heater  Model Used for  Side-On Spinning Orientation 

The cross -ax ia l  spinning orientation is such that heating r a t e s  may  be 
assumed to  be independent of the angle, 6, conventionally used in cylindrical  
coordinates.  Since the the rma l  proper t ies  a r e  independent of 6 ,  so  a r e  the 
tempera tures .  If the assumption i s  made that end effects may be neglected, 
then the tempera tures  a r e  functions of only the rad ia l  distance,  r ,  f r o m  the 
capsule center  line, and a r a the r  simplified the rma l  model is possible. The 
complete nodal network employed to s imulate  the s ide-on spinning f l igh t  
orientation appears  in f igure D-1. The m a t e r i a l  and thickness of each  layer  
of the capsule a r e  given. A unit depth out of the plane of the paper was used 
in the calculation of e lement  volumes and capsule sur face  a r e a .  

By means  of TAP-3, thermal behavior of this model  during var ious 
r een t ry  t r a j ec to r i e s  was simulated; aerodynamic heating, oxidation heating, 
internal  hea t  generation, and both radiative and convective cooling were  
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Figure 0-1. Nodal Network to Simulate Side-On Spinning Orientation 

included in the analysis .  
t i es  was included. 
recess ion  of the POCO graphite sur face  or  for  heat blockage due to m a s s  
injection into the boundary layer .  

The tempera ture  dependence of all t he rma l  proper -  
N o  provision was made  in the analysis for  the effects of 

Heater  Model Used for  Side-On Nonspinning Orientation 

The side-on nonspinning orientation requi res  somewhat m o r e  involved 
analysis  than does the side-on spinning case  in that the heating ra tes ,  and 
therefore  the tempera tures ,  a r e  functions of the angle, 8 ,  conventionally 
used in cylindrical  coordinates.  
dependence of heating ra tes ,  t empera tures ,  and propert ies .  Next, a c i r cu la r  
section of unit was "lifted" f r o m  the capsule. 
i t  was necessa ry  to  analyze only one-half of the result ing unit-depth c i r cu la r  
disk. 
capsule with POCO-pyrolytic graphite ablator  appears  in f igure D-2;  the 
composition and thickness of each layer  a r e  given. 

The approach used was to  neglect axial 

Due to symmet ry  considerations,  

The complete nodal network used to s imulate  the 50-W promethium 

Therma l  behavior of this model  during var ious reent ry  t r a j ec to r i e s  was 
analyzed using TAP-3.  
w e r e  included in the analysis a s  was the direction-dependent t he rma l  con- 
ductivity of pyrolytic graphite:  however, no allowance was made  for  heat 
blockage effects a r i s ing  f rom m a s s  injection nor was provision made  for  
recess ion  of the POCO graphite surface.  

The effects of convective cooling a t  lower altitudes 

Heater  Model Used for  End-On Orientation 

The end-on flight orientation which was analyzed using the TAP-3  heat  
The outer sur face  of the t r ans fe r  code involves ra ther  complex geometry.  

re fe rence  heater  is in the shape of a flat-ended right c i rcu lar  cylinder, while 
a l l  l aye r s  except the POCO graphite a r e  in the shape of cylinders with heads 
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which a r e  roughly semiell ipsoidal.  
heater  ends as designed is such a s  to requi re  extensive analysis .  
what s impler  model  used  a s  a f i r s t  approximation consis ts  of a mult i layered 
right c i r cu la r  cylinder with mult i layered hemispherical  heads.  
node-s t ruc ture  model  used to s imulate  the 50-W promethium baseline hea ter  
appears  in figure D-3. 

The complex shape of the re ference  
The some-  

The complete 

It is evident that  heating r a t e s ,  propert ies ,  and t empera tu res  a r e  
independent of the angle, 8 ,  normally used in cylindrical  coordinates.  Thus,  
t he re  i s  no heat  t r ans fe r  in the 0 direction. This  allows consideration of 
only a c ros s - sec t ion  lying in  the r - z  plane (of conventional cyl indrical  coordi-  
na tes )  a t  any angle 0 .  

Surface-node heating ra tes  used w e r e  those corresponding to a flat-ended 
cylinder. With this correct ion,  the hemispherical  end approximation of the 
capsule design m a y  be expected to yield fa i r ly  re l iable  resu l t s ,  especially 
in the important  region behind the stagnation a r e a  of the heater  where detai ls  
of the curva ture  a r e  l e s s  important.  
accura te  model  is needed. 

However, fur ther  analysis  using a m o r e  

Heater  Model Used for  Charr ing Ablator Analysis 

The STAB-2 code was applied to the the rma l  analysis  of a 50-W 
promethium-cermet-fueled heater  with 0. 5 in. -thick Narmco 4028 carbon-  
f iber-reinforced phenolic ablator ma te r i a l .  Most  of the ablator  t he rma l  
proper t ies  w e r e  obtained f r o m  reference  93. The side-on nonspinning 
fl ight orientation f o r  the ea r th  orbi ta l  decay r een t ry  t ra jec tory  was investigated. 

A one-dimensional infinite-slab model  i s  employed by STAB-2; yet the 
heater  has  a cylindrical  geometry.  In order  to c o r r e c t  the model  for  this 
geometr ic  difference, t he rma l  admittances and capacitances w e r e  appro-  
pr ia te ly  adjusted by dummying the values of t he rma l  conductivity and heat 
capacity, respectively,  a s  functions of the rad ia l  distance.  The heater  was 
assumed to consis t  of an  infinite cylinder (i. e .  end effects were  neglected) 
composed of concentric l aye r s  of fuel, T111 -Pt, and ablator.  

Injection efficiency was determined by the method in re ference  94. 
Recession r a t e s  were  calculated by u s e  of the equations in re ference  
connection with experimental  data in re ference  

95  in 
96. 

171 



69-312 

66 62 

65 61 

64 60 

63 59 

41 

I 38 
37 

0.745 

1 
~ 0.745 

~ 0.1 40 T-I 11 PT 1 
0.250 PYROLYTIC 
GRAPHITE 

4 
0.250 POCO 
GRAPHITE 

Figure 0-3. Nodal Network for End-On Model of 50-W 147Ptn Heater, Reference Design 

172 



Appendix E 

IMPACT STUDIES 

I ;  

Table E - 1  s u m  a r i z e s  tesP conditions and esul ts  fo r  Qne segment of 
a DWDL independent r e s e a r c h  and development mpact  tes t ing program. 
F igu res  E -  1 through E-8  i l lus t ra te  the simulated heater  impact  specimens.  

Ten  simulated 10-W and four simulated 50-W heater  specimens w e r e  
impacted against  grani te ,  using the modified light gas  gun a t  the Douglas 
Aerobal l is t ic  Range, El  Segundo, California.  The specimens consisted of a 
bronze fuel  simulant and tantalum wi re  spr ings simulating foam within a 
T-111 s t ruc tu ra l  she l l  (0. 060 in. thick, 10-W; 120 in. thick, 50-W) s u r -  
rounded by reinforced, pyrolytic, o r  phenolic graphite.  The specimens w e r e  
heated to  1500°F in an  argon atmosphere and shot end-on, using a i r  p r e s -  
su re ,  against  a grani te  block. Dual l a s e r  beam velocity instrumentation 
indicated breakup of the graphite before impact. Subsequent calculations 
show that  this  could be caused by a combination of t he rma l  s t r e s s  due to 
rapid cooling and s t r e s s  due t o  differential  iner t ia l  fo rce  (of the light graphite 
and heavy me ta l )  result ing f r o m  a i r  p r e s s u r e .  
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60-2023 

Figure E- I .  10 Watt Simulated Heater Impact Specimen before Assembly, Showing Graphite Insulator, 
T- I l l  Shell, Ta Foam, and Bronze Fuel Simulant 

68-2021 

Figure E-2. Electron Beam Welded T-Ill 10 Watt Simulated Heater Impact Specimen 
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68-2020 

Figure E-3. Complete Graphite Bonded 1 0-Watt Simulated Heater Impact Specimen 

68-2033 

Figure E-4. 4-50 Watt and 10-10 Watt Simulated Heater Impact Specimens before Impact 
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69-787 

Figure E-5. Model 9 after 308 ft/sec Impact against Graphite 

Figure E-6. Model 6 after 417 ft/sec Impact against Graphite 

69-788 
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69-789 

Figure E-7. Longitudinal Section of Model I after Successfully Withstanding 420 ft/sec Impact against Granite 

69-790 

Figure E-8. Longitudinal Section of Model 8 after 505 ft/sec Impact against Granite (This Model Sustained 
lnterfranular Cracks a t  the Corners of the Impacted End) 
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Appendix F 

NEUTRON AND PHOTON SPECTRA 

Neutron and photon spec t ra  a t  1 m e t e r  f r o m  reference  1 0 -  and 50-W Pm 
and Pu  hea ters  a r e  presented in  Tables  F-1 to F-4 .  These  data may  be used 
f o r  sys t em integration analysis  such a s  evaluating radiation detector  response 
and /o r  the effect  of local  shielding. These data yield the 1 -me te r  dose ra t io  
specified in the Safety and Design Analysis Section and m a y  be normalized to 
dose r a t e  and used to  evaluate spec t r a l  distribution a t  any point in space.  This 
a s s u m e s  no spec t r a l  shape change with distance, an  as sumption consistent 
with accuracy  requirements  of m o s t  sys t em integration analyses .  G a m a  
spec t r a  a r e  based on ISOSHLD output ( r e f .  46) .  Neutron spec t r a  a r e  based 
on spec t r a l  data given in the "Plutonium Data Sheets ' '  ( r e f .  45 ) .  

TABLE F - 1  

PHOTON FLUX 1 METER FROM ~m~~~ HEATER 

Pm - 10 W 147Prn - 50 W 147 

Photon 60 mils T-111 120 mils T-111 
energy (kev). Photon/ c m 2  * sec Photon/ c m 2  * sec Remarks  

40 - 50 2. 17 x 10-2 5.08 10-4  
50 - 70 1 .00  x 102 6. 71 x 10-2 
70 - 100 8. 40 x 101 2.97 x 10-2 146Pm and 

100 - 200 5.31 x 102 2.77 x 101 1 4 7 ~ m  
200 - 300 8 .40  x 7.10 x brems  s trahlung 
300 - 400 6. 51 x 9.37 x 10-2 
400 - 550 1.00  x 10-2 1 .00  x 10-2 
550 - 750 I .  93 10-3 5 . 6 1  1 0 - 3  147 121 7. 30 x 102 3 .79  x 101 146Pm gamma 

45 0 5. 36 x l o 2 ,  1. 25  103 Pm gamma 
7 50 7. 89 x l o 2  2. 56 l o 3  1 4 6 ~ m  gamma 
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TABLE F - 2  

NEUTRON FLUX 1 METER FROM Pu238 HEATER 

238Pu - 10 w 238Pu - 50 W 
Neutron 60 mils - T-111 120 mils - T-111 

0. 4 - 0. 7 0. 505 2. 525 Include s 
0. 7 - 1. 2 0.349 1 .745  spontaneous 
1. 2 - 1. 8 0.349 1.745 f i ss ion  and 
1. 8 - 2. 35  0. 626 3. 130 @,q) sources ;  
2.35 - 2.65 0.747 3.735 emiss ion  

4 2. 65 - 2. 9 0. 651 3. 255 rate = 3 x  0 
2. 9 - 3. 25 0. 524 2. 620 n / s e c  * g '38Pu 
3 .25  - 3.85  0. 302 1. 510 
3. 8 5  - 4. 6 0. 117 0. 585 
4. 6 - 5. 6 0. 033 0. 165 
5. 6 - 6. 8 0. 016 0. 080 
6. 8 - 8. 7 0. 008 0. 040 
8. 7 -11. 0 0. 003 0. 015 

TABLE F - 3  

PHOTON FLUX 1 METER FROM 238Pu (NO AGING) 
HEATER 

23*Pu - l o w  238Pu - 50 W 
Photon 60 Mils  - 3 - 1 1 1  1 2 0 M i l s  - T-111 
energy(meV)Photons/ c m  * sec Photons/  cm * sec Remarks  

0. 090 - 0. 75 

0. 75 - 0. 9 

0 . 9  - 1 . 6  

1. 6 - 2. 6 

2. 6 - 8.0 

2. 65 

41. 09 

0. 64 

0. 37 

0. 26 

3. 46 Contr 'b tions 
f r o m  '3'Pu (and 

140. 59 Pr e domi nantlv 
0.778 meV f r o m  
238Pu 

2. 49 Predominant ly  

1. 52 Predominant ly  

1. 09 Predominant ly  

fission products 

f i s s ion  products 

f i s s ion  products 

Per t inent  isotopes 

23 6Pu, (including f i ss ion  products), 
23 9Pu, 
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TABLE F - 4  

PHOTON FLUX 1 METER FROM 238Pu (AGED 6 
YEARS) HEATER 

23 8 
238Pu - l o w  PU - 50 W 

Photon 60mils - T-111 1 2 0 m i l s  - T-111 
energy(meV) Photons /c rn2  * sec Photons / an2 * sec Remarks  

0.09 - 0.75 26. 19 

0. 75 - 0. 9 43. 5 

0. 9 - 1. 61 0. 64 

1. 62 1. 01 

1. 63 - 2. 6 0. 37 

2 .  61 20. 6 

53.6 Contributions f r o m  
all isotopes 

139. 3 

2. 49 F i s s ion  products 
3. 98 212B.i 

1. 51 F i s s ion  products 

84. 7 208T 1 

2 .  62 - 8.0 0. 26 1. 09 F i s s ion  products 

Per t inent  isotopes 
208T 1 , 21 2Pb,2ti2Bi,  220Ru, 224Ra, 228ThJ 232u 24lAm, 
23 7u 
240puJ: 241pu, 2 4 e i  

23 7N, (including f iss ion products),  ’ 239PuJ 
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Appendix G 

STATISTICAL PROCEDURE 

Consider  a par t icu lar  fa i lure  mode for  a given radioisotope capsule design. 
Ablator fa i lure  during reentry,  melting, o r  s t r e s s  rupture  of s t ruc tu ra l  com- 
ponents a r e  typical examples ,  The calculated point of fa i lure ,  QF, i s  a func- 
t ion of n input p a r a m e t e r s  o r  assumptions,  a l ,  a2, . . . . , an. In equation 
form,  

F o r  each  pa rame te r ,  ai, a s tandard deviation, vi, may be defined with 
the following charac te r i s t ics :  Assuming a normal  frequency (probabili ty 
density) distribution about a mean o r  most probable value, Si, 68. 2770 of a l l  
measurements  o r  calculations of ai l ie within the range, Z i  f mi. S imila  r ly, 
95.45’7’0 of all measurements  or  calculations of ai lie within the range, 5.i *Zo-i,  
and s o  on ( r e f .  9 7 ,  pp. 71-72). The s tandard deviation is always expres sed  
in the same  units of measurements  a s  those of the variable,  ai. 

If we can a r r i v e  at a s tandard o r  bes t  se t  of pa rame te r  values, Sl ,  Z2 ,  
...., Sn, then the mean o r  most  probable value of QF is 

- 
QF = f(S-1, 52, . . . - 9  Zn) (6- 2)  

A deviation in each  pa rame te r  f rom the s tandard value will then cause a 
corresponding deviation in Q F  f rom the mean. 
can  be assigned to  each  pa rame te r ,  a. 
( A Q F ) ~ ,  due to  the variation of a i  within the range, Si f (r. 

by varying each  p a r a m e t e r  singly. Often, this may be done s imply by sub- 
stituting the maximum and minimum values of the pa rame te r ,  

If a s tandard deviation, o-i, 
then the range of deviation in QF, 

1.’ can be determined 
1’ 

ai, 

(AQ,)i = f(51,Zzi2,. si t o - i , . .  . ., Zn) 

Proceeding in this manner  f o r  each  pa rame te r ,  the overal l  s tandard devia- 
t ion fo r  QF, namely, o-F, can be calculated by the law of propagation of e r r o r s  
( r e f .  98  1, 

183 



Assuming normal  frequency distributions fo r  each pa rame te r ,  - it follows 
that  the distribution of Q F  will be normal  with the mean value, QF, and 
s tandard deviation, UF.  

The s t r i c t  mathematical  derivation is somewhat more  res t r ic t ive .  
Assuming that f(a1, a , . . . . , an) can be expanded in a Taylor ' s  s e r i e s ,  and 
neglecting products o k e r r o r s  in comparison with the e r r o r s  themselves ,  

af 
aa 2 

dal t - af - - 
d Q ~  - aa, 

which is a l so  the express ion  fo r  

af 
dan aan 

da2  t. . . .  t - 

the total  derivative.  F o r  sma l l  increments  
about the mean re ference  case,  AQF = -d, - QF and ai = Z i  - ai, equation 
(G-5)  may be wri t ten 

a f  Aaz t.. . . t - Aan Aal t - a f  a f  -- 
**F - aa, aa2  aan 

Defining Ai = aai, Ai is called the influence coefficient of the pa rame te r ,  
If Ai can be considered constant in  the interval,  cri = Aai, the genera l  a i .  

law for  propagation of e r r o r s  yields 

which cor responds  to  equation (G-4)  i f  f i s  l inear  with the ai axis in the 
interval,  Aai ,  f o r  i = 1, 2 , .  . . ., n. 

Although not t r ea t ed  in the textbooks, t he re  is no reason  a p r i o r i  why 
equation (G-4) cannot be applied t o  cases  where f is not l inear  a s  specified. 
The bas ic  pr inciples  a r e  the same.  
i n  which f was not l inear  with e v e r y  pa rame te r  axis  ( ref .  9 9 ) .  The pro-  
cedure was to  find the functional relationship of f by appropriate var iance 
of the input pa rame te r ,  
within the range, 5i - ui to Z i  t ui .  
equation (G-4). 

Stat is t ical  analyses  have been conducted 

ai, and so  determine the maximum deviation in f 
This  yielded values of ( A Q F ) ~  to  use in 

The influence coefficients, Ai, a r e  important since they identify which 
On the other hand, i f  an influ- p a r a m e t e r s  have the s t rongest  effect  on QF. 

ent ia l  pa rame te r  i s  a l so  known accurately,  its s tandard deviation i s  smal l  
and the corresponding deviation or  uncertainty i n  QF may be small .  Thus, 
( A Q F ) ~  i s  the significant quantity denoting each  p a r a m e t e r ' s  total  influence on 
"F. 

values of (AQF), effects the most  efficient reduction in the uncertainty level 
f o r  QF. 

Reduction in s tandard  deviation for  those p a r a m e t e r s  ranked highest in 

Thus f a r ,  the discussion has  focused on the point of fa i lure .  The major  
objective of evaluation of the safety of a capsule design i n  specific hazardous 
environments a l so  involves analytical  modeling of the capsule behavior and, 
possibly, the environment.  In general ,  the model yields a wors t  ( f rom the 



standpoint of fa i lure)  analytical  value, QA. This  quantity, in turn,  is a 
function of m input p a r a m e t e r s  o r  assumptions.  
two quantities, QF and CIA, may be defined a s  the margin  o r  excess ,  

The difference between the 

In o rde r  that  fa i lure  not occur,  QE must  be g r e a t e r  than zero.  Fu r the r ,  
the probabili ty that fa i lure  will not occur is equal t o  the probabili ty that QE 
is g rea t e r  than z e r o  (wri t ten P ( Q E  > 0 )  ). 

Since the re  ex is t  uncertaint ies  in  the values of the pa rame te r s  involved 
in the calculation of QA, a s  well a s  in QF, it follows that corresponding 
uncertaint ies  ex is t  i n  QE. 
in the calculation of P(QE > 0). See Figure G-1. 

These uncertaint ies ,  along with DE, a r e  involved 

69-283 

Figure G-I .  Normal Frequency Distribution for QE 

The equation express ing  the frequency a s  a function of QE is ,  for  a nor- 
ma l  distribution ( r e f .  l oo ) ,  

Thus 

/-a 

P (nonfailure) = u E f i  1 exp [ ~ ~ I d  ‘E (G-10) 

Q = O  u E  
E 
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To facil i tate the evaluation of this integral ,  it is useful t o  make the 
absc i s sa  t ransformat ion  

- 
QE - QE 

E 
c =  ‘J- 

F r o m  this  definition, it follows that  

Als 0, 

c =  - 7 QE f o r  QE = 0 
‘J-E 

Equation (G-10) may then be wri t ten 

(G- 11)  

(6- 12) 

(G-  13) 

By reason  of symmetry ,  the integration l imi t s  may be r eve r sed  and the 
signs changed without invalidating the equality. Thus, 

Q, 
2 Ilr E=-- 1 0- E exp ( - 5 ) d C  P (nonfailure) = - 

-a 
2 

(G- 15) 

The expression on the right hand side of equation (G-15) has  the f o r m  of 
the cumulative normal  distribution integral  which may be evaluated using 
s tandard probability tab les  (probabili ty vs DE / FE). 
found in re ference  101,  p. 229 .  F o r  a g rea t e r  number of decimal  places  and 
f o r  more  extended tabular  values, the Tables  of Normal  Probabi l i ty  Functions 
( re f .  102) may be used. In this  reference,  the tables  a r e  appropriate  f o r  

Such tables may be 

instead of f o r  the integral  above. 
obtained f r o m  these tables  by noting that  

However, the des i r ed  values may be 
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r" r" 
1 - J  = 2 J  

-X -a 

o r  

(G- 16) 

(G-17) 

The s ta t i s t ica l  procedure just  outlined yields a quantitative probability 
of nonfailure for  each  fai lure  mode of a given radioisotope capsule design. 
Assuming that each fai lure  mode is independent of the others ,  the overa l l  
probability of nonfailure i s  s imply the product of all nonfailure probabili t ies,  

Ptot = P1PzP3.. . . * . Pk, (G- 18) 

where 

Ptot i s  the probability of overal l  nonfailure, 
Pi 
k 

i s  the nonfailure probability for  fa i lure  mode i (1  5 i 5 k )  
i s  the total  number of fa i lure  modes.  

Equation (G- 18) follows f r o m  the probabili ty multiplication rule f o r  
sequential  (independent) events.  However, many radioisotope fai lure  modes 
a r e  not mutually independent. Consider  that  the probability of nonfailure on 
e a r t h  impact  i s  affected by ablator  fa i lure  o r  nonfailure. Also, p a r a m e t e r s  
which affect one fai lure  mode often affect another.  If these cross-influence 
effects can be incorporated in calculation of the individual fa i lure  mode 
probabili t ies,  then equation (G-18) can be used a s  before  to  compute the 
overa l l  probability of nonfailure. Quite often, the product of probabili t ies 
of dependent events is g r e a t e r  than fo r  independent events .  Assumption of 
independent fa i lure  modes i s  therefore  usually conservative and acceptable 
fo r  a f i r s t  cut, i f  appropriately qualified. 

When quoting probabili t ies of nonfailure, it is important  to  note that  a 

Rather,  it i s  a measu re  of the reliabil i ty o r  confidence 
probabili ty of 99.970, fo r  example, does not mean that one capsule out of one 
thousand will fail .  
limit on the resu l t s .  
probabili t ies a s  high as s ix  o r  seven 9 ' s  ( re f .  
has  a reliabil i ty on the o rde r  of 99. 999% o r  be t te r .  
average component reliabil i ty of the recent  Apollo 8 mission was about 

The procedure is sufficient to distinguish between 
9 9 ) .  An ideally safe design 

F o r  comparison, the 

99.9999%. 

In many applications, it i s  often desirable  to  use  the probabilist ic t r ea t -  
ment to optimize a mission o r  sys t em condition o r  pa rame te r ,  o r  to  find the 
value of minimum o r  maximum safety. 
mission reent ry  angles, the overa l l  probability of nonfailure can be de te r -  
mined as a function of r een t ry  angle. 
and maximum safety a r e  pinpointed. 
ing minimum safety conditions. 

F o r  example, by taking selected 

F r o m  this ,  conditions of minimum 
This could lead t o  provisions f o r  avoid- 
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Appendix H 

SMALL PARTICLE FALLOUT 

Two kinds of fallout are  usually considered in safety assessments :  local  
and worldwide. More accurately,  l a rge  par t ic les  and small par t ic les  are  
considered separa te ly  because the fallout processes  a re  quite different in the 
two cases .  
forces  (ref.  103). 
processes  (ref. 104,105). 
the sma l l e r  par t ic les  because the nuclides of in te res t  a r e  relatively innocuous 
unless taken into the body. 
gravitational forces  a r e  above the resp i rab le  range. 

La rge  par t ic les  are  brought to  earth pr imar i ly  by gravitational 
Small  par t ic le  fallout is dominated by dynamic atmospheric  

In many instances,  attention is res t r ic ted  t o  

Pa r t i c l e s  la rge  enough to  fall out quickly due to  

Radiation doses  which may  r e su l t  f r o m  small par t ic le  fallout a r e  de t e r -  
mined by the magnitude and duration of ground-level a i rborne  concentrations, 
the quantity of activity deposited on the earth's surface, and the deposition 
r a t e  ( r e f ,  106).  

Fallout predictions have been based on a s imple three-region s t i r r e d  
r e se rvo i r  model  of the atmosphere ( r e f .  107 ). A "mean residence time'' for 
each region (mesophere,  s t ra tosphere ,  and t roposphere)  is chosen on the 
bas i s  of available data,  and reasonable values a r e  calculated for  ground level  
activity concentrations in air, deposition ra tes ,  and total  activity deposited. 

Cur ren t  fallout predictions such  as those made by the U. S. Weather 
Bureau for  the S N A P  9A incident and by the F e d e r a l  Radiation Council for  past  
weapons tests ( r e f .  108)  a r e  much m o r e  accura te  than the s imple s t i r r e d  
r e se rvo i r  model  would permit.  
accumulated and compiled to facil i tate predictions ( r e f .  109 ). 
possible to es tabl ish the importance of many fac tors  and to  express  this 
importance quantitatively in many instances.  

A vas t  quantity of fallout data has been 
It has been 

In the Machta model  ( r e f .  110 ), the atmosphere is viewed as consisting 
Materials move v e r y  rapidly f r o m  the "lower polar of the seve ra l  regions.  

s t ra tosphere"  to  the t roposphere where it can affect people. 
region resu l t s  in maximum concentrations and minimum decay time. 
to the "upper polar s t ra tosphere ' '  r each  the t roposphere a little m o r e  slowly 
and produce slightly lower conc.entrations. 

A r e l ease  to this 
Releases  

Relative deposition r a t e s  a r e  presented in f igure H-1. This shows the 
concentrations reaching peaks in the spr ing and illustrates the importance 
of seasonal  variation. The importance of the release location is a l so  evident. 

The area under each  of the curves  in f igure H-1 r ep resen t s  1 year.  
ing the mean residence time of particulate matter in the t roposphere as 1 
month gives the peak deposition rate as 0. 133/month ( f rom a lower polar 

Tak- 
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s t ra tosphere  r e l e a s e ) .  
of the total  re lease .  
sphere)  is 

It follows that the peak t roposphere inventory is 0. 133 
The m a s s  of the a tmosphere  (essent ia l ly  a l l  in the t ropo-  

(H- 1) 
2 4 2  18 10 332 ( k g / m  ) x 5. 101  x 10 (m ) = 5.28 x 10 

3 
(kg) 

Taking the a i r  densi ty  as 1.3 (kg /m ) gives an  effective volume of 

tH-2) 
18 3 5.28 x 10l8  ( k g ) / l .  3 (kg/m3)  = 4.06 x 10 (m ) 

Thus, the r e l e a s e  of 1 C i  to the lower polar s t ra tosphere  would r e su l t  in a 
peak concentration, averaged over  the en t i re  ear th ,  of 

3 0. 133 (Ci)/4.  06 x 1 0 l 8  (m ) = 3.3 x (Ci /m3)  (H-3) 

Radioactive m a t e r i a l  would not be uniformly distributed; it would be 
confined la rge ly  to one hemisphere.  
in the band between 30" and 9 0 " .  
higher than the world average concentration by a factor  of 3. 

Fu r the r ,  m o s t  of the activity would be 
The actual peak concentration would be 

The r e l ease  of 1 Ci  to th lower polar s t r a tosphe re  would resu l t  in a peak 
concentration of 10m19 ( C i / m  5 ). Similar ly ,  a 1-Ci r e l ease  to the mesosphere  
produces a peak t ropospheric  concentration of 5. 5 x 
peak occurs  in both hemispheres .  
f igure H-2 for  the lower polar s t ra tosphere .  

(Ci /m3) .  This 
The variation with t ime is i l lustrated in 

69-314 

Stratosphere 
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Appendix I 

GROUND RELEASE ANALYSIS 

There  is uncertainty associated with the volitization of solids in the 
atmosphere,  but an empi r i ca l  modification of the c l a s s i c  Langmiur e uation 
can give reasonable  es t imates .  The evaporation r a t e  (gm cmm2 is 

where P is the vapor p r e s s u r e  in  a tmospheres ,  M the molecular  weight, and 
T the t empera tu re  in O F .  Fo r  P u  at 1275"F, 

R = 44. 5 x J23iTjT1275 
= 2 x 10 - 15 ( g m  c m  - 2  s e c - l )  

Vapor p r e s s u r e  data  is  given in f igure 1-1. 

If the fuel i s  in the f o r m  of 100-  p- rad ius  par t ic les ,  a t  2. 5 W/cc  the fuel 
volume mus t  be 14.3 cc  and the sur face  a r e a  about 4300 c m  . Thus, the 
r e l e a s e  r a t e  would be about 8.6 x 
( C i / s e c )  o r  5 .25  x (C i /h r ) .  

( g m / s e c )  which is 1.45 x lom1' 

F o r m a l  techniques for  es t imat ing atmospheric  dispers ion and inhalation 
doses  a r e  available. The Pasqui l l  d ispers ion model  ( r e f s .  111, 112, 113) for  
a point r e l ease  gives the concentration in the plume for  the continuous r e l e a s e  
of Q ( C i / s e c )  a s  

Y2  Z2  
(1-3) 

where u and u a r e  s tandard deviations in the crosswind and ver t ica l  
direct ions,  respect ively,  u i s  windspeed ( m / s e c ) ,  and Y and Z a r e  crosswind 
and ver t ica l  dis tances  f r o m  the plume center l ine (m). Actually, s ince the 
concentration has  been doubled f o r  ground reflection, only one value of Z is 
permissible:  the effective r e l ease  height. Standard deviations va ry  with 
downwind dis tance and a r e  descr ibed  by the empi r i ca l  relationships (refs. 111 
through 113). 

Y Z 

The quantity inhaled per  unit t ime is the concentration multiplied by the 
breathing r a t e  which is about 3 .  5 x l o m 4  m 3 / s e c  for  the s tandard m a n  (ref.114). 

q = 3.5 Xt x 10-4 .  . . (Ci )  (1-4) 
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68-1580-A 
TEMPERATURE (OF)  

2700 2500 2300 2100 1900 

8 The dose  is d i rec t ly  proportional to the quantity inhaled; 238Pu gives 2 x 10 
( r e m / C i f  and 147Pm gives 7 x l o 4  ( r e m / C i ) .  

Maximum doses  occur  f r o m  a ground level  point r e l ease .  Dose is direct ly  
proportional to the quantity re leased  and inversely 
speed. F o r  total  r e l ease  ( a t )  of 1.43 x 10-5 Ci  of y38Pu, the dose  is D = X/Q. 
The dose is the s a m e  for  total  r e l ease  of 0.041 C i  of l*?Pm. 
at locations d i rec t ly  downwind f r o m  ground level  point r e l eases  of these 
magnitudes is given in f igure 1-2 for 1 m / s e c  windspeeds. 

roport ional  to the wind- 

Doses received 

F igu re  39 a s s u m e s  no ver t ica l  r i s e  of the r e l eased  radioisotope with the 
fireball .  
dose and hazardous distance.  
tions allow the mos t  isotope to r e a c h  ground levels ;  consequently, this  yields 
the highest  possible dose.  
account for  the init ial  cloud volume. In this  case., the vir tual  sou rce  dis tance 
is 700 m e t e r s .  The maximum dose which occur s  is 180 rem, 300 m e t e r s  
downwind. 
dis tances  of 800 m e t e r s  or m o r e  downwind, as i l lustrated in f igure 1-3. 

This  m o s t  likely will occur  and will reduce  the maximum possible 
F o r  elevated r e l ease ,  Type A weather  condi- 

A "vir tual  point sou rce  distance" is used to 

The dose is l e s s  than the r eac to r  s i t i n g  dose  guide of 75 r e m  at 

The re fo re ,  doses  f r o m  a 100% r e l e a s e  (especial ly  of 238Pu) to a launch 
abort  f i rebal l  a r e  high enough to justify control m e a s u r e s ,  but they a r e  not 
of catastrophic  proportions.  
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Appendix J 

CALCULATION O F  MAXIMUM PERMISSIBLE CONCENTRATIONS 
AND ISOTOPE DISPERSION IN SEAWATER 

The International Commission on Radiological Protect ion (ICRP) has  
calculated MPC:X and MPBB:X* values considering var ious organs a s  c r i t i ca l  
( r e f s .  115 and 116). 
of Sciences MPC, recommendations ( r e f s .  117 and 118). The MPC problem 
has  been considered in some  detai l  by var ious investigators ( r e f s .  119 through 
125 ). The purpose h e r e  i s  to  briefly summar ize  the bas i s  and give the values 
f o r  radioisotopes 147Pm and 238Pu. 

The ICRP work is the bas i s  for  the National Academy 

The ICRP has calculated MPC, values based on i r radiat ion of the GI 
t r ac t .  Assuming that all protein in the diet of those exposed consis ts  of sea-  
food which has  fully concentrated the radionuclide, the maximum permiss ib le  
concentration f o r  seawater  i s  

or 

MPCs = MPCw 

MPCs = MPCw 

volume of ( water ) 
consumed 

volume of 

consumed 
( protein ) ( factor 

The s tandard man consumes approximately 10 t imes  m o r e  water  than protein;  
the ref o r  e,  

W 
V - = 10 
vP 

MPCs = F l o  MPC . . . . GI t r a c t  l imited ( J - 2 )  
W 

Maximum permiss ib le  concentration; subscr ip ts  a, w, and s denote air, 
drinking water, and s e a  water ,  respectively. 

** Maximum permiss ib le  body burden. 

.I, 1- 
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F o r  the radioisotopes of in te res t ,  the concentration fac tor ,  F, is 20 f o r  
Sr-90;  50 fo r  Cs-137; l o 3  for  Ce-144, Pm-147, Pu-238 and Cm-244; and lo4  
fo r  CO-60 and Po-210 (ref. 118). Therefore ,  the maximum permiss ib le  
concentration in seawater  is much lower than the drinking water  limit. 

F o r  nuclides where  organs other than the GI t r a c t  a r e  limiting, neither 
the MPC, nor  the seafood concentration factor  is used directly.  
radionuclide is assumed t o  be chemically affiliated with a c a r r i e r  matexia l  
s o  the activity pe r  unit mass of c a r r i e r  is invariant.  If some quantity (I) of 
c a r r i e r  i s  taken into the body each day, a fract ion (f ) is deposited in the 
organ of in te res t ;  the quantity of c a r r i e r  m a t e r i a l  (IJ in the organ va r i e s  a s  

Rather ,  the 

dIb 0 - -  - I fw - A b  Ib 
dt  ( J -3)  

where  Ab is the biological elimination (decay)  constant. 
c a r r i e r  is assoc ia ted  with R (pCi) of the activity of in te res t ,  activity in the 
organ (9 ' )  v a r i e s  a s  

If each g r a m  of 

The effective decay constant ( Ae) is the s u m  of biological (Ab) and radiological 
(AR) decay constants,  

a t  equilibrium 

0 

The quantity, R ,  is the activity (pCi ) -pe r -g rzm c a r r i e r .  Therefore ,  if 
q '  i s  the maximum permiss ib le  organ burden, 

q' = (MPBB) f 2  ( J -10)  
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where f 2  i s  the f ract ion of the body burden in the organ, the activity concen- 
t ra t ion insea water  is the MPC,. 

MPC, - y  5 - q' - TB - 
e T e 'b 'b 'b I R =  

The biological and effective half-lives a r e  TB and Te  respectively; thus 

e . . . . G I  t r a c t  not limiting I TB MPCs  = q l -  - 
'b e T 

( J -11)  

( J -12)  

half- l i fe  

Quantity of Effective ( ca*z;;nin) ( half- life) 

Ocean Maximum 

burden 

This calculation a l so  yields MPCs values which a r e  generally much sma l l e r  
than the corresponding MPCw values.  The two MPC, formulas  yield values 
which roughly correspond to the MPC, and MPC, values in that continuous 
exposure could produce maximum permiss ib le  body burdens or  maximum 
permiss ib le  GI t r a c t  doses.  
m o r e  fami l ia r  l imits  because biological concentration is considered in te rms  
of the sea  water  limit. P lan ts  and animals  that  live in f r e s h  water  and/or  on 
land a r e  capable of concentration of radionuclides, but such phenomena a r e  
not reflected in the MPCa and MPCw values.  

The MPC, values a r e  m o r e  conservative than the 

Despite the relat ive conserva t i sm of the derived MPC, values, cer ta in  
modifying o r  adjustment fac tors  a r e  suggested which fur ther  reduce these 
l imits .  One such adjustment ( s )  i s  m e r e l y  a correct ion for  the use  of in- 
appropriate  q' or  MPC, values. 
the ICRP a r e  for  occupationally exposed people. F o r  exposure of small 
groups of people who a r e  not radiation worke r s ,  l imits  a r e  reduced by a 
factor  of 10 ( s  = 1/10) ,  For the i r radiat ion of populations, it was recom-  
mended that the limits be reduced by a factor  of 30 o r  100 ( s  = 1/30  o r  s = 
1/100).  The factor  of 100 applies only to  the q' and MPC, values obtained 
using the gonads or  whole body as the c r i t i ca l  organ. 
recommendations ( r e f .  126 ) do not include this fac tor  for  exposure of popu- 
lations but ca l l  f o r  identification of a m o s t  sensit ive group, which i s  appreci-  
ably m o r e  difficult. Thus, fo r  present  purposes,  it m a y  be of value to  
include the "populations" values based on the older recommendations.  

The q1 and MPC, values given direct ly  by 

More  recent  ICRP 

In addition to  using the c o r r e c t  base  values,  some dose apportionment 
has  been suggested. F i r s t ,  it i s  suggested that only some fract ion (Nd) of the 
permiss ib le  dose should come f r o m  the sea  water  contamination;Nd values of 
1 / 3  and 1 / 2  have been used. 
contamination should come f r o m  a par t icular  source.  The National Resea rch  

Second, only a fract ion (N,) of the total  ocean 

199 



Council suggested an Ns value of 1 / 3  f o r  nuclear  ships ,  and a value of 0. 1 has  
been suggested f o r  nuclear  space power units.  
to i nc rease  MPC, values has  been proposed to  account for  the f ac t  that  it is 
ve ry  rare f o r  all the protein in a diet to come f r o m  the sea.  
f ac to r s  ( 1  / N  ) of 2 and 3 have been suggested,  but a value of 1 was used by 
the NRC andpothers. 

A "correct ion" factor  tending 

Pro te in  fract ion 

The m o r e  conservat ive "adjustment" f ac to r s  give 

N d N s / N  = 1/30 
P 

Thus,  the adjusted MPC values a r e  
S 

aMPC = MPCw/3F3 . . . GI t r ac t  l imiting 
S 

and 

(J -13)  

(J-  14) 

( J -15)  a MPCs = q'  Ie TB/301b T e .  . . GI t r a c t  not limiting. 

The MPC 
significance f r o m  the MPC, and MPC, values that  they probably m e r i t  a 
different name.  

values calculated in this manner  a r e  s o  different in  radiological 

MPC, values for  Pm and Pu  a r e  given in table J - 1 .  

TABLE 5 - 1  

ADJUSTED MAXIMUM PERMISSIBLE CONCENTRATIONS * 
IN SEA WATER (ci/m3) 

*Unadjusted values a r e  a f ac to r  of 30  higher 

Returning to the subject of water  d i spersa l ,  sea water  is not quiescent;  
radioactivity re leased  in a small volume wil l  soon be d ispersed  through a 
much l a r g e r  volume. Where the re  
the concentration a t  R m e t e r s  from 

is no cur ren t ,  and dispers ion is isotropic,  
the r e l e a s e  point is 

(5-16) 
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One m e a s u r e  of the hazard is obtained by comparing the concentration to  a 
maximum permiss ib le  values calculated in table J -1 .  
would be m o r e  near ly  proportional to the integrated t ime-concentration 
product 

Any dose es t imate  

co 

TID = / Xdt 
0 

( J -17)  

If a depth constraint  (D) is assumed in the ver t ical ,  the integrated concentra- 
tion f r o m  a Q Curie r e l ease  is 

Q 
2 GDAR TID = 

where A is the diffusion velocity. 
mixing depth, this becomes 

F o r  A = 0. 01 m / s e c ,  and a 75-meter  

TID = 0. 27 Q / R  

For 100% re l ease  f r o m  a 50-W hea ter ,  this gives 

TIDl = 400/R (Ci-sec/m3).  . . 23 8Pu 

TID = 3 . 4  x 10 4 /R ( C i - s e c / m  3 ). . . 147Prn 2 

This  is i l lustrated in f igure J -1 .  
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Figure J-I. Integrated Exposure from 100% Release to Sea Water of 50 W of Radioisotope 
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